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Summary 


The thermal decomposition of precipitated silver(I) oxide in a vacuum has been 
studied over the range 100-350 °C. Three regions are identified : in the first, 100-200 °C, 
the activation energy is 30 kcal, 5 per cent. of the total oxygen is evolved, and the lattice 
parameter increases to a limiting value ; in the second, 200-300 °C, the activation energy 
is 50 kcal, and a further 1—2 per cent. oxygen is evolved; in the third, above 300 °C, 
metallic silver crystallizes, the oxide lattice contracts to a constant value, and the activa- 
tion energy becomes 36 kcal. The activation energies in the three regions are interpreted 
as being associated, respectively, with (i) the diffusion of silver into the oxide lattice, 


” 


(ii) the formation of aggregates of silver “‘ atoms ” not conforming to the normal silver 
lattice in an oxide lattice saturated with silver, and (iii) the reaction at the interface 


between metallic silver and the oxide. 


I. INTRODUCTION 

Since the \early work of Lewis (1905), a number of studies of the thermal 
decomposition \of silver(I) oxide has been reported. The silver oxide used falls 
broadly into three classes : 

(i) An oxide layer formed on finely divided active silver. 

(ii) Oxide \precipitated under various conditions, washed and dried, but 

not otherwise treated. 

(iii) Precipitated oxide annealed in oxygen at high pressures. 

Two features have been studied. The first is the formation and growth of 
silver nuclei, and the second, the kinetics of the reaction after the establishment 
of an interface between the metal and the decomposing oxide. 

For oxide layers in class (i) the second feature is of special importance, the 
interface pre-existing by virtue of the system employed. For such a system 
Benton and Drake (1934) reported the expected relationship for balanced reactions 
at a constant interface, 


d[¢ do] k 4 Pp 
dt ( p.)’ 
where p is the pressure of oxygen developed in time, ¢, and p, the equilibrium 
dissociation pressure. 


Substantial differences have been noted between the oxides in class (i) 
depending on whether the decomposition has been carried out in oxygen or in a 
vacuum. In oxygen at atmospheric pressure, Lewis (1905) and Hood and 
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Murphy (1949) found long induction periods followed by autocatalytic reactions 
described by the equation 


da 
ap hell), 


where « is the fraction of silver produced. Garner and Reeves (1954) for similar 
oxide decomposed in a vacuum found no induction period and no evidence of 
autocatalysis, the maximum rate occurring at the beginning of the reaction. 

This was in contrast with the behaviour of oxides of class (iii) for which 
Garner and Reeves (1954) found the decomposition to be accurately described 
by the equation, pt=kt—c, where p is the pressure developed in time, ¢, and 
k and ¢ are constants. These authors have suggested that oxides of class (ii) 
contain silver nuclei that can be largely, but not completely, destroyed by 
annealing in oxygen and that the long induction periods found by Lewis (1905) 
are due to the retarding effect of oxygen present in his experiments on the growth 
of silver nuclei when they are very small. Garner and Reeves (1954) have 
ascribed the discrepancies in the results of various workers to the use of oxides 
in various states of activity or with varying degrees of dispersion, the presence of 
metallic silver in the oxides, though this has not been demonstrated experi- 
mentally, and to sintering processes during decomposition. 

These factors, if applicable, would be expected to influence the values of the 
activation energies found. These range from 10-2 to 46 kcal though the values 
given by different workers are seldom comparable, since they often refer to 
different kinetic expressions and temperature ranges, to nucleation and/or an 
interface reaction. The observetions by Faivre (1940) on the solution of silver 
in silver oxide and the resulting stabilization of the oxide around 200 °C though 
relevant have been neglected. 

Silver oxide, dry, moist, or as a dilute dispersion, has some interesting 
properties as a catalyst and as a participant in surface reactions. For example, 
partial reduction of the surface of the oxide markedly alters the rate of decom- 
position of hydrogen peroxide in dilute solution in contact with the dispersed 
solid. The existence of silver nuclei in oxide prepared by precipitation and the 
growth of these nuclei during thermal decomposition especially at low temper- 
atures (below 300 °C) afford a means of preparing silver oxide containing silver 
in various amounts and states of dispersion. The present work arose primarily 
from this demand. It does, however, provide information relevant to the study 
of the thermal decomposition of silver oxide itself under conditions that have not 
hitherto been closely examined. One such study by Pavlyuchenko and Gurevich 
(1951) yielded complex pressure v. time curves for the decomposition in a vacuum 
in the range 118-220 °C. 


II. EXPERIMENTAL 
(a) Materials 
The properties of silver oxide prepared by precipitation from silver nitrate 
and a soluble hydroxide depend on the conditions employed. An indication 
of this is presented in Table 1. Stoichiometric quantities of reagents were used 
throughout. R.T. refers to room temperature ; the colour classification differ- 
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entiates a darker brown-black from a somewhat lighter colour. Because of the 
possibility of some decomposition at 100 °C, materials chosen for closer study 
were made at room temperature. 

Because KOH is inevitably contaminated with carbonate the possibility 
exists that the oxide may be contaminated with silver carbonate. This con- 
taminant could not be detected analytically and it is apparent that any 


TABLE 1 
PROPERTIES OF PRECIPITATED Ag,O 











| 
Method Concentration pron he — nase “a aa Colour 
| | | 
i 0- In | \AgNO, to KOH | R.T. 1-18 | Dark 
ii * | 100 0-84 | Light 
iii | KOH to AgNO, | R.T. 1-39 | Dark 
iv | s 100 1-12 | Light 
v 1-0 AgNO, to KOH | R.T. 1-08 | Dark 
vi | Pr e 100 0-97 | Light 
vii | 4 KOH to AgNO, | Rs 1-44 | Dark 
viii | : st ae 1-04 | Light 
| 1 





precipitated carbonate was effectively removed during washing. However, 
samples of Ag,O were also prepared under a nitrogen blanket using carbonate-free 
barium hydroxide. 

In all cases the precipitated oxide was washed by decantation and dried in 
air at 80 °C for 24 hr. The dried cake was lightly ground in an agate mortar and 
stored over silica gel. The materials employed in the decomposition experiments 
are listed in Table 2. 


TABLE 2 
SILVER OXIDE USED IN DECOMPOSITION STUDIES IN A VACUUM 
: | 








] 
| 
Initial Surface 








Prepn. Conditions of| Preparation Temp. Area 
No. (°C) | (N, adsorption 

| cem?/g) 

K1_ | 1-0~ AgNO, to 1}0~ KOH ar. | 30,500 

K2 | 1-0~ KOH to 1-G~ AgNO, | BT. | 5,200 

Bl 0-1 AgNO, to 0416x Ba(OH), RT. | 16,900 

B2 0-16n Ba(OH), to|\0-1n AgNO, R.T. | 19.500 





(b) Apparatus 
The main apparatus was a standard gas adsorption unit differing only in 
minor detail from that described by Harkins and Jura (1944). The volumes 
of the connecting tubes were determined by calibration with helium. Gas 
adsorption surface areas were meashired with nitrogen purified over evaporated 
sodium. Decomposition studies were carried out in the same apparatus. 
aa 
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The X-ray studies were carried out using a Philips unit type PW.1009. 
Samples were mounted in Lindemann tubes in a powder camera (Philips type 
number 33524) of diameter 114-83 mm. An X-ray tube with a copper target 
operated at 40 kV and 20mA was employed throughout. 


(ec) Procedure 

(i) Decomposition in a Vacuuwm.—Samples of oxide (1g) at constant 
temperature were evacuated continuously. At suitable time intervals the 
measuring apparatus was isolated from the pumps and the increase in pressure 
with time in a system of known volume and temperature measured. The pressure 
permitted to develop was safficiently small in comparison with the dissociation 
pressure of the oxide at the particular temperature to eliminate the effect of the 
back reaction. For a given short interval, dv/dt, the rate of evolution of gas 
thus measured, was constant. Measurements during a series of such intervals 
interspersed with periods of evacuation yield values of dv/dé as a function of 
time. 

Having established dv/dt as a function of time at a particular temperature, 
the temperature was then rapidly changed and the determination repeated. 
Because the time required to change the temperature was short—about 10 min— 
small extrapolations of the dv/dt v. time curves could be accurately carried out 
and instantaneous values of dv/dt at two successive temperatures about 20 to 30 
degrees apart obtained. From these two instantaneous values an activation 
energy was computed. The procedure was then repeated and a further value 
of the activation energy obtained. A virtue of this procedure is that it gives a 
measure of the activation energy under conditions in which such factors as the 
surface area, composition, and structure of the oxide are effectively constant. 

In addition to the non-isothermal survey experiments referred to above, 
some wholly isothermal experiments were carried out. In both cases the volume 
of gas evolved between any two points in time was determined by graphical 
integration under the dv/dt v. ¢ curves or curve. 

(ii) Surface Area Measurements and Adsorption Studies.—The decomposition 
could be stopped at any point by removing the heating furnace, the sample cooled, 
and the surface area determined. The standard B.E.T. procedure was employed 
using at least five points on the isotherm. The area per molecule of nitrogen 
used in calculating the surface area was 16-2 A?. 

A few adsorption isotherms of oxygen on oxide that had been evacuated at 
192 °C over a very extended period were also determined by standard procedures. 


(iii) X-Ray Powder Photographs.—The specimens used had been evacuated 
at a series of temperatures from 80 to 357°C. For temperatures from 80 to 
280 °C the evacuation was carried out until the decomposition rate was less 
than 10-4 em® (S.T.P.)/g/min. 

The X-ray powder photographs obtained after an exposure time of 2 hr 
were processed in a uniform manner. The effects of shrinkage, almost negligibly 
small, were eliminated by the use of the Straumanis technique. The lattice 
parameters were determined by plotting against 4(cos? 6/sin 6+cos* 6/0) and 
extrapolating to zero in the manner described by Nelson and Riley (1945). 
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III. RESULTS 
(a) Decomposition in a Vacuum 

The non-isothermal survey experiments delineate three temperature ranges, 
the approximate limits being 100-200 °G, 200-300 °C, and above 300°C. For 
temperatures to about 200 °C, dv/dt decrdases with time at any temperature and 
over short periods log (dv/dt) is a linear function of time. At successively 
increased temperatures dv/dt decreases more rapidly with time. The activation 
energy in this region is 30 kcal. At about 200 °C the rate falls to a very low 
figure (~10-5 cm® 8.T.P./g/min) and the oxide may be continuously evacuated 
for long periods without measurable change. Above 200°C the evolution of 
gas recommences, dv/dt again decreasing with time. For successively increased 
temperatures dv/dt now decreases less rapidly with time. The activation energy 
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Fig. 1—Decomposition of silver oxide at successive temperatures in the range 
100-200 °C. 


in this region is ~50 kcal. At temperatures in the range 300-310 °C, dv/dt 
becomes constant and at higher temperatures either remains constant or increases 
with time. If, having achieved a constant or accelerating rate, the temperature 
is then lowered successively, fairly constant values of dv/at are obtained, and 
can be reproduced in successive temperature changes in both directions. The 
activation energy in this region is 36 kcal. 

The pattern of behaviour described above is illustrated on a small scale in 
Figures 1 and 2. A summary of the activation energies determined from such 
experiments is given in Table 3. The only major variation from this pattern 
in the behaviour of the several samples is in the incidence of the constant as 
opposed to the accelerating reaction above 300-310 °C. Attempts to clarify 
this variation were not wholly successful, but there were indications that the 
incidence of the accelerating, as opposed to constant or at times slightly decreasing 
rate, depends to some extent on the thermal history of the specimen. Slow 
progress through the interval from 200-300 °C tends to favour accelerating rates. 

In cases in which the oxide is moved rapidly through successive temperatures 
the sharp divisions in activation energies, especially at 200°C, indicated in 
Table 3 become blurred. This effect is illustrated in Table 4. 




































































J. A. ALLEN 
TABLE 3 
SUMMARY OF ACTIVATION ENERGIES 
| 
Prepn. | Temperature Activation Prepn. Temperature Activation 
No. Interval Energy No. Interval Energy 
(°C) (kcal) (°C) | (keal) 
Kl 122-143 32 Bl 100-131 29 
143-164 31 131-144 30 
111-154 28 144-182 29 
154-192 30 
K2 107-136 30 B2 114-137 32 
136-158 29 141-165 33 
158-187 32 165-190 30 
Kl 200-241 44 Bl 232-259 51 
241-265 63 259-284 46 
265-298 52 284-300 46 
K2 190-226 51 B2 210-244 38 
226-279 54 244-278 48 
279-300 57 278-300 5v 
300-312 58 
Kl 323-280 37 Bl 305-285 37 
280-245 36 285-270 36 
270-290 34 
K2 297-278 36 B2 300-278 36 
278-254 35 278-298 37 
310-280 37 
TABLE 4 
ACTIVATION ENERGIES FOR RAPID TRANSIT THROUGH 200 °C 
| | 
Prepn. Temperature Activation Prepn. Temperature | Activation 
No. Interval Energy No. Interval Energy 
| (°C) (eal) (°C) (keal) 
| — 
Bl | 144-182 29 B2 165-210 | 33 
| 182-206 30 210-244 | 38 
| 206-232 31 244-262 | 38 
| 232-259 | 51 262-280 48 
(b) Surface Area Measurements and Adsorption Studies 
The results are shown in Figure 3, from which it is evident that in spite of 
wide variations in initial surface area (5200-16900 cm?/g) a major change takes 
place in the vicinity of 200 °C leading to oxide in the relatively narrow range of 
about 4000-7000 cm?/g. The variable nature of the changes at temperatures 
below 200 °C for different preparations may be noted. 
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Fig. 2.—Decomposition 


of silver oxide at successive temperatures above 200 °C. 
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Fig. 3.—Surface area changes in silver oxide 
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Fig. 4.—Adsorption isotherms of oxygen on silver oxide stabilized in a vacuum at 192 °C. 
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Fig. 5.—Lattice parameters of silver oxide undergoing decomposition 
and of silver produced. 
Data from Faivre (1940) included for comparison. 
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Adsorption isotherms of oxygen at 103 and 183 °C on a sample of preparation 
K1 which had been evacuated over a long period at 192 °C are shown in Figure 4. 


The specific surface area of the sample on which the isotherms were 
measured was 30,000 cm?/g. Assuming that a complete monolayer comprises 
105 atoms/cm? it is evident that the saturation value of 0-04 cm* corresponds 
to less than 0-1 of a monolayer. 


(c) X-Ray Powder Photographs 

In Figure 5, the measured lattice parameter of the oxide specimens is plotted 
against the maximum temperature to which the specimen had been heated. 
For temperatures below 280°C rates of decomposition of 10~* em® (8.'T.P.)/g/min 
had been achieved at each temperature. For comparison, data given by Faivre 
(1940) are included. The lattice constants for silver obtained simultaneously 
at temperatures above 300 °C are shown on a separate scale. The accuracy of 
the values is estimated as +0-0015. Attention is drawn to the increase in a 
at temperatures up to ~200 °C, the flattening of the curve in the range 200-290 °C, 
and the appearance of metallic silver at ~300 °C accompanied by a sharp 
contraction in lattice constant for the oxide. 


(d) Volume of Oxygen Evolved 
The gas evolved has been shown to be oxygen. 
The total volume from the initial condition to one at which the rate of 


10-* cm’ (8.T.P.)/g/min has been achieved is shown in Table 5 for several temper- 
atures in the range 100-200 °C. 


TABLE 5 
VOLUMES OF OXYGEN TO RATES OF 10-‘ om? (s.1.P.)/G/muN 


| | 














Prepn. No. | Temperature Volume 
| (°C) (em? S.T.P.) 
| | - 
Kl 200 2-4 
200 2-1 
K2 115 1-0 
138 2-0 
180 2-7 
200 2-5 
Bl } 195 2-4 





| 





It is evident that at 200 °C the volume evolved has a value of approximately 
2-4¢.c. This represents 5 per cent. of the total oxygen initially present in the 
specimen if its composition corresponds to the formula Ag,O. The relationship 
between the lattice parameter and the volume of oxygen evolved in the range 
100-200 °C is shown in Figure 6. 

The principal source of error in the values in Table 5 lies in the difficulty 
in assessing the amount of gas evolved during the initial heating period from 
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room temperature, and the possible distinction to be made between adsorbed gas 
including water vapour and chemically bound oxygen. The results in Table 5 
could be in error by +0°3 em‘. 

A similar problem at the upper end of the range arises in trying to estimate 
the total gas evolved from 200 °C to a reaction of constant rate at about 300 °C. 
The values obtained from graphical integration lie between 0-5 and 1-0 cm', 
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Fig. 6.—Variation in lattice parameter with volume of oxygen 
evolved at temperatures up to 200 °C. 


IV. DISCUSSION 

The results given in Section III leave little doubt that there exist three 
distinct regions in the thermal decomposition of silver oxide. The main 
characteristics are summarized in Table 6. 

In region 3 the silver-silver oxide interface is clearly established and a 
stable silver oxide structure has been achieved. The rate of decomposition 
is constant or accelerating and in the latter case the activation energies are takon 
from fairly constant rates obtained at temperatures below and subsequent to 
that at which a rapidly accelerating reaction proceeds. These conditions 
correspond in both instances very closely to those obtaining in the work ef 
Benton and Drake (1934). The activation energies agree very well, 36 as against 
35-36 keal. 

In region 1 it is evident that silver is diffusing into the oxide lattice. The 
existence of a roughly linear relation between the amount of oxygen evolved 
and hence the amount of silver produced and the lattice constant of the oxide 
indicates that in this region the silver does not apparently aggregate to discrete 
nuclei, but permeates the oxide lattice as a whole. The existence of a fairly 
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constant activation energy in spite of quite irregular changes in surface area 
coupled with the inability of the surface to readsorb any substantial amount of 
oxygen leads to the conclusion that the activation energy of 30 keal is that for 
diffusion of silver into silver oxide. The saturation limit of 5 per cent. at 200 °C 
agrees well with that of 4 per cent. given by Faivre (1940). 














TABLE 6 

SUMMARY OF CHARACTERISTICS OF SILVER OXIDE DECOMPOSITION 
Temperature Activation Lattice Constant of Silver 
Region Range Energy | Oxide Lattice 

(°C) (keal) | 
1 100-200 30 | Increasing roughly linearly from | Absent 
4-70 to 4-73 

2 200-300 50 | Approximately constant Absent 
3 Above 300 36 Decreasing Present 














The existence of a solubility limit should reflect itself in a reaction rate 
which becomes more strongly retarded as the limit is approached. From an 
inspection of Figure 1 this is obviously the case. The apparent linearity of 
log (dv/dt) as a function of t, at a given temperature, does not hold strictly over 
rather longer periods of time or from preparation to preparation. Similarly, 
expressions of the type 

dv 

Fi (ha), 
though adequately describing individual decomposition curves cannot be uni- 
versally employed. Figure 3 demonstrates one reason for this. 


In region 2 additional silver is being produced, the lattice constant does not 
change much, and no metallic silver lattice as such appears. It is apparent 
therefore that in this region discrete nuclei comprising aggregates of silver 
“atoms” must be forming. The complete absence of a silver pattern 
immediately below 300 °C and the fully developed X-ray pattern above this 
temperature suggests that the nuclei being formed in the region 200-300 °C 
are not simply very small crystals of silver with a normal lattice, but some 
other form of aggregation which on reaching a critical size and/or achieving 
sufficient thermal energy crystallizes. The marked contraction in lattice constant 
of the oxide when this occurs suggests that crystallization of the silver involves 
not only the silver atoms comprising the aggregates but at least some, if not all, 
of the silver held in the oxide lattice, as a whole. The high activation energy 
of ~50 keal in this region evidently is that associated with the formation of 
aggregates of silver ‘“‘ atoms ”’ in the oxide lattice saturated with silver. 


The existence of the three regions with their respective characteristics 
essentially independent of the materials employed in the present work suggests 
that some reappraisal of earlier work is required. Measurements on virgin oxide 
only at temperatures above 300 °C especially where the heating has been rapid, 
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are unlikely to yield definitive results since it is evident that several stages are 
being compressed and the properties of the oxide being decomposed very ill 
defined. The present results also make it difficult to accept the view of Garner 
and Reeves (1954) that precipitated oxide contains silver nuclei that can largely 
but not wholly be destroyed by annealing in the presence of oxygen under pressure. 


V. CONCLUSIONS 
The study of kinetics of the decomposition of silver oxide in a vacuum over 

a much wider range of temperatures than used hitherto, coupled with lattice 
parameter and surface area measurements, permit the several processes involved 
to be separately characterized, and the structural and composition changes in 
the oxide at the several stages of the decomposition to be defined. Formal 
kinetic studies alone without structural and composition data need to be treated 
with reserve. 

VI. REFERENCES 
Benton, A. F., and Drakes, L. C. (1934).—J. Amer. Chem. Sec. 56: 255. 
Fatvre, R. (1940).—C.R. Acad. Sci. Paris 210: 398. 
Garner, W. E., and Reeves, L. W. (1954).—T rans. Faraday Soc. 50: 254. 
Harkins, W. D., and Jura, G. (1944).—J. Amer. Chem. Soc. 66: 1356. 
Hertey, P. J., and Prout, E. G. (1960).—J. Amer. Chem. Soc. 82: 1540. 
Hoop, G. C., and Murpuy, G. W. (1949).—J. Chem. Educ. 26: 169. 
Lewis, G. N. (1905).—Z. phys. Chem. 52: 310. 
Netson, J. B., and Ritey, D. P. (1945).—Proc. Phys. Soc. Lond. 57: 160. 
PAVLYUCHENKO, M. M., and Gurevicn, E. (1951).—J. Gen. Chem. USSR 21: 517. 





Note added in proof.—In a recent paper, Herley and Prout (1960) have 
emphasized the possible role of impurities in the kinetics of the thermal decom- 
position of silver(I) oxide in the range 330-380°C. They have used oxide 
annealed in a vacuum at 280°C for 3 hr without apparently appreciating the 
structural and composition changes which would result from this treatment. 











VIBRATIONAL SPECTRA OF SULPHONYL DERIVATIVES 


Vv. A REASSIGNMENT OF THE so, STRETCHING FREQUENCIES IN SULPHONYL 
FLUORIDES 


By N. 8S. Ham,* A. N. Hamsty,f and R. H. Lanyt 
[Manuscript received July 12, 1960] 


Summary 


The symmetric SO, stretching frequency in methane sulphonyl fluoride and a 
number of aromatic sulphony] fluorides is reassigned to a frequency of 1210 cm-1 on the 
basis of new infra-red evidence (vapour and solution spectra of CH,SO,F and the infra-red 
spectra of a number of aromatic sulphonyl chlorides and the corresponding fluorides). 
Complete vibrational assignments for benzene sulphonyl chloride, benzene sulphonyl 
fluoride, and methyl benzene sulphonate are also given. The S—F stretching frequency 
appears as a strong infra-red band near 780 cm~! and the aromatic sulphony] frequency 
near 1090 cm? is identified as being more specifically characteristic of the Car—S bond. 


I. INTRODUCTION 

From Raman spectral studies of some sulphonyl chlorides and fluorides, 
Ham and Hambly (1953a, 1953b) identified frequencies characteristic of the 
SO,Cl and SO,F groups. These were the SO, stretching frequencies near 1170 
and 1380 cm-! for the chlorides and 1180 and 1400 cm- for the fluorides, the 
sulphur-chlorine stretching frequency at 375 cm-! and a sulphonyi fluoride 
frequency at 1210cm-. In addition an aromatic sulphonyl frequency was 
located at 1080 cm- in the chlorides and at 1095 cm-! in the fluorides. They 
also pointed out that the frequency of the sulphonyl fluoride band at 1210 em-! 
was too high for a simple S—F stretching vibration. Haszeldine and Kidd 
(1955), in discussing the infra-red spectra of many SO,-containing compounds, 
listed the 1210 cm-! band of methane sulphonyl fluoride as the symmetrical 
SO, stretching frequency. From our recent work on the infra-red spectra of 
sulphonyl derivatives, we find that the vapour and solution spectra of methane 
sulphonyl fluoride are best interpreted by the reassignment of the 1210 em-! 
band to the symmetrical SO, stretching vibration, and in the first part of this 
paper we discuss the new evidence leading to this reassignment. The second 
part of the paper presents the infra-red spectra of the sulphonyl halides whose 
Raman spectra were studied previously. An analysis of the vibrational spectra 
of benzene sulphonyl chloride, benzene sulphony] fluoride, and methyl benzene 
sulphonate supports the general reassignment of the 1210 cm-! sulphony] fluoride 
frequency to one of the SO, stretching frequencies. 


* Division of Chemical Physics, C.S.I.R.O. Chemical Research Laboratories, Melbourne, 
+ Department of Chemistry, University of Melbourne ; present address: University College, 
Canberra, A.C.T. 
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II. EXPERIMENTAL 

Some of the samples used in this work were prepared by standard methods 
whereas others were available from previous investigations. The specimen of 
methane sulphonyl] fluoride was prepared by the method of Ham and Hambly 
(1953a), but the crude product was given an extra treatment with saturated 
aqueous potassium fluoride solution in order to remove all traces of the sulphonyl 
chloride. A test for chloride, after hydrolysis of the specimen, was negative. 
The following analytical values were found: C, 12:2; H, 3:3; 8S, 32-8; 
F, 19-4%. Cale. for CH,SO,F: CO, 12:2; H, 3:1; 8, 32°7; F, 19-4%). 

Most of the spectra were recorded on a Perkin-Elmer single-beam double- 
pass spectrometer equipped with a rock-salt or a calcium fluoride prism, while 
the double-beam spectra in Figure 2 were recorded on a Perkin-Elmer Model 21 
spectrometer with a rock-salt prism. 


III. METHANE SULPHONYL FLUORIDE 
The vibrational assignment for methane sulphonyl fluoride given in Part I 
of this series (Ham and Hambly 1953a) left two unresolved problems, viz. the 
origin of the sulphonyl fluoride band at 1210 cm-! and the location of the S—F 
stretching frequency. Examination of the vapour spectrum of methane sulphonyl 
fluoride and of the solution spectrum in carbon tetrachloride has enabled us 
to resolve these problems. 
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Fig. 1.—Infra-red spectrum of methane sulphonyl fluoride. 


Left: CH stretching vibration, 0-3m CCl, solution in 0-044 em cell. Right: Absorption 
spectrum of vapour in 10cm cell. 


The infra-red spectrum of this material in the vapour phase is shown in 
Figure 1, and the infra-red spectra in carbon tetrachloride, carbon bisulphide, 
and chloroform solutions have also been studied. The weak absorption recorded 
by Ham and Hambly (1953a) at 1177 em-! is not found with this chlorine-free 
specimen. It must be attributed to the presence, in their sample, of a small 
amount of methane sulphonyl chloride, which has a very strong absorption at 
1175 em-1. The very strong Raman line which they recorded as 1186 cm-} 
excited by Hg 4358 A, must consequently be reinterpreted as 2954 cm-! (ex 
Hg 4046 A), since, with a molecule of symmetry Cs, all frequencies are active 
in the Raman and infra-red spectra. Thus methane sulphonyl fluoride has only 
one band in this region to be assigned. 
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In a large number of sulphony] derivatives that we have studied since 1953, 
the absorptions corresponding to both the symmetric and antisymmetric SO, 
stretching vibrations are strong in the infra-red spectrum, though only the 
symmetric vibration gives strong Raman scattering. For solutions in a non- 
polar solvent, with the (concentration x path length) product maintained constant, 
it is found that on dilution both these infra-red absorption bands show small 
shifts to higher frequencies and a decrease in half-width. We attribute this 
dilution effect to decreased dipole-dipole interaction between the SO, groups. 
Three bands, at 1426, 1402, and 1214 cm-!, in the carbon tetrachloride solutions 
of methane sulphonyl] fluoride show this dilution effect. 

The replacement by fluorine of the chlorine atom attached to the sulphonyl 
group is known to follow the general pattern of groups with increased electro- 
negativity raising the frequency of both SO, stretching vibrations (Simon and 
Kriegsmann 1955; Freeman and Hambly 1957a). The symmetrical vibration 
vsSO, occurs at 1175 cm~! in methane sulphonyl chloride, so that the sulphonyl 
fluoride band at 1214 cm- (cg, in CCl, solution, —4491. mole-'cm-!) shows 
both the raised frequency on replacement of Cl by F, and the dilution effect, 
expected for v,SO,. This reassignment is therefore made. 

For methane sulphonyl chloride in dilute solution in carbon tetrachloride, 
VasSO, is 1382 cm-! (cg=630) and an elevation of this frequency, on conversion 
to the fluoride, by an amount similar to that found for vs, would give a predicted 
frequency for vas SO, of 1417 em-!. However, it has been shown (Freeman and 
Hambly 1957b; Laby 1959) that the antisymmetric deformation vibration 
(Sas) for the methyl radical attached to a sulphonyl group yields an absorption 
band of medium intensity close to 1410 cm-. For methane sulphonyl] chloride 
it occurs at 1409 cm (c,=80). In methane sulphonyl fluoride these two 
vibrations show Fermi resonance and give rise to two strong absorption bands 
in carbon tetrachloride at 1426 em-! (c¢g=403) and 1402 em (¢g=458). Both 
show a variation with dilution that is not found with the normal $,s of the methyl 
group. 

If the methyl group is taken as a mass-point of 15 the molecule approximates 
to an oblate symmetric top, but the maximum symmetry corresponds to the Cg, 
point group so that all bands in the absorption spectrum of the vapour will be 
of the “hybrid” type. The identification of the bands with well-marked, 
double Q branches at 1437, 1451, and 1338, 1349 cm-! as the counterparts, of 
opposite symmetry to the bands at 1223, 1230, and 1416 cm respectively, is 
consistent. 

The strong band with its centre at 815 cm- in the vapour and 814 em-! 
in dilute CCl, solution, which correlates with the weak band at 809 cm- in the 
Raman spectrum of the liquid, and for which there is no corresponding band in the 
absorption spectrum of methane sulphony] chloride, is now assigned to the S—F 
stretching vibration. It has the predicted properties (Ham and Hambly 1953a) 
both of frequency and of relative intensity in the infra-red and Raman spectra. 
Its assignment is obvious onze the previous ambiguity regarding the 1210 em-? 
frequency is removed. 

BB 
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Our new assignment of the vibrational frequencies for methane sulphonyl 
fluoride is given in Table 1. 


TABLE 1 


RAMAN AND INFRA-RED FREQUENCIES AND VIBRATIONAL ASSIGNMENT FOR CH; SO,.F 


Frequency (cm-) 





Infra-Red Infra-Red Assignment 











3037 | 


Raman | Liquid* | Infra-Red -—— —_————___—_—_ 
Liquid* (capillary | Vapour CCl, CHCl, CS, 
film) (10 em ecell)| Solutiont | Solution Solutiont 
326m C-S-F skeletal bend 
350w | Skeletal out-of-plane 
| bend 
457w | 462s Skeletal in-plane bend 
493m 493s Skeletal in-plane bend 
531s 534vs S-—O deformation 
| 730(P) 
738vvs 733s 742(Q) | 734m C-S stretch 
| 752(R) | 
805(P) 
809vw 813s 815(Q) 8l4s 817s 804s S-F stretch 
| 826(R) 
| 974(P) 
985m 982(Q) 980w 980w 977w CH, wag 
991(R) 
|} 1177w CH,SO,Cl impurity 
1186vs | =2954 excited by Hg 
4047 A 
| 1214(P) 
1210vs 1210vs 1223(Q) 1214(449) — | 1211(487) | SO, sym. stretch 
| 1230(Q) | 
| | 1235(R) | 
134lw 1341m 1338(Q) | C-H sym. deformation 
| 1349(Q) | 
| 1404(P) 
1401m 1396vs 1410 1402(450) 1398s 1399s Fermi resonance  be- 
1416(Q) tween C-H antisym. 
| 1423(R) deformation and SO, 
| 1428(P) antisym. stretch av. 
1410m 1425s 1437(Q) | 1426(403) 1423s 1422s J 1414 
| 1451(Q) 
| 1458(R) | 
2080w | 1341 +733 
2160vw | | | 1425 4-733 
2330w | 1341+-985 
2952vvs 2955w | | 2946 C-H sym. stretch 
| 3045w | | 3029 C-H antisym. stretch 





*From Part I of this series (Ham and Hambly 1953a). 
t €a values extrapolated to zero concentration are in parentheses. 
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IV. AROMATIC SULPHONYL FLUORIDES 
The reassignment for the 1210 ém- freqnency of methane sulphony] fluoride 
and the identification of its S—F stretching frequency at 815 em raises the 
question of whether a similar reassignment is required in the aromatic sulphonyl 
fluorides. That such is the case is shown by the following analysis of the spectra 
of the simple benzene sulphonyl derivatives. 


(a) Vibrational Assignments for Benzene Sulphonyl Compounds 

The infra-red spectra of benzene sulphonyl fluoride, benzene sulphonyl 
chloride, and methyl! benzene sulphonate are shown in Figure 2, and the absorption 
frequencies, together with the Raman lines, are collected in Table 2. 

Of the 30 vibrations expected for C,H;X, most of the frequencies 
characteristic of the C,H, fragment in the three molecules (24, including 5 vg_4) 
can be picked out with the aid of the table prepared by Randle and Whiffen 
(1954). Five of these (the out-of-plane CH deformation frequencies) are 
confirmed by the pattern of combination bands in the region 1600-2000 em- 
(Whiffen 1955). The remaining six vibrations are sensitive to the mass of the 
substituent and will be discussed below, together with the internal modes of the 
substituents SO,Cl, SO,F, and SO,OCH,. 

(i) SO, Stretching Frequencies.—The symmetric and antisymmetric SO, 
stretching frequencies occur in methane sulphony] chloride at 1175 and 1367 em-? 
respectively (Ham and Hambly 1953a) and in benzene sulphonyl chloride at 
1184 and 1375 cm-! respectively (Raman values, Ham and Hambly 19535). 
The double beam infra-red spectra of Figure 2 show (by intensity and band 
contour) that the related bands in benzene sulphonyl fluoride are at 1213 and 
1412 cm and in methyl benzene sulphonate at 1189 and 1365 cm-!. Thus the 
1213 em! sulphony] fluoride band should be reassigned as the symmetrical SO, 
stretching frequency and the extra band in benzene sulphonyl fluoride is seen 
because the vs SO, frequency is shifted from its chloride value of 1184 em-', 
in which position it masks one of the in-plane CH deformation modes. 

(ii) S—F Stretching Frequency.—Comparison of the spectra of the chloride, 
fluoride, and ester shows that for the most part there is a close correspondence 
between the bands in all three spectra. The prominent extra band in the fluoride 
at 779 cm! is thus assigned to the S—F stretching frequency (cf. the value of 
815 em-! for methane sulphonyl fluoride). The band at 780 em- in the methyl 
ester is the S—OCH, stretching frequency as was noted by Detoni and Hadzi 
(1957) and Freeman and Hambly (1957)). 

(iii) O—CH, Stretching Frequency.—In the ester, the broad strong band at 
987 cm- is not typical of a monosubstituted benzene, it being too strong for an 
out-of-plane CH deformation vibration and too strong and broad for the ring 
vibration usually observed close to 1000cm-!. It is probably the O—CH, 
stretching frequency, since it persists through a series of aromatic sulphonic 
esters (Freeman and Hambly 1957) and in particular is present in para- 
substituted ones wiere the ring vibration is shifted to 1020 em- (see the infra-red 
spectrum of methyl p-toluene sulphonate in Fig. 2). Supporting evidence for 
this assignment comes from the infra-red spectra of methyl methane sulphonate 
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TABLE 2 
INFRA-RED AND RAMAN FREQUENCIES (cM- 1) AND VIBRATIONAL ASSIGNMENTS FOR BENZENE SULPHONYL 


CHLORIDE, 


BENZENE SULPHONYL FLUORIDE, AND METHYL BENZENE SULPHONATE 




















C,H,SO,Cl C,H,SO,F C,H,SO,.OCH, 
_ fp. 7 | > 
anor Raman* prema Raman* psec Raman* 
‘dlm) ‘ (liquid) film) ° (liquid) 4 ¢ (liquid) 
| 105s (?) 134s (dp) 
| 243m (p) | | 217w 
| } | 
| 287m (dp) 288m (p) | | 
317m (p) | | 321s (p) | 316m (p) 
352w diff 
373vs (p) | | 
| 372 (dp) 
462m (p) | 
530vw diff (dp ?) | 
575m diff (p) 588m (dp ?) | 581m 
| 608w (dp) 610s (dp) | 609m (dp) 
| | 
676s | | 679s 682m 
| 
715s | 716w (p) 713s 716s (p) 705m | 706s (p) 
749s 750s 749s 
| 780vs 779w diff (p) | 
| 782s 786m (p) 
835vw | | 835w sh | 840vw 
858vvw | 
888vvw 
| 905vw sh | | 
927vw | | 930vw | 930vwsh | 
971lvvw | 975vvw 
| | 988vs br 
998m shp | 996vs (p) 1000m shp_ /|1000vs (p) |1000s sh 999vs (p) 
1015vvw sh | 10l5vvw 
1021m shp |1024m (p) 1024m shp /|1023m (p) /1022m sh /|1024w (p) 
1032w sh_ | 1035w sh 
1068m sh_ | 1069m |L070w 
1080s ioiee (p) 1095s 1097m (p) |1094m 1094m (p) 
1095m sh | | 
1167s ) 1164m sh _|1162s (dp) 
(p) {1178s shp 1179m (p) 1177s sh 1174s (p) 
1180vsbr |1184vs } 1213vs br |1212vs (p) 1189vs 1185s f\ 
1290m 1288m br |1291m br 
1300sh 
1314m 11316m /1315m 
1336m 1339m 11340m sh | 
1380vs br |1375w 1412vsbr |1409w diff (dp?) |1365vs br 1361 w diff 
1453s 1455s 11455s 
1480m 1485m |1484m 
1510w sh 1530w sh 
1583m 1585m 1590w 1587 (dp) 
3000m |2963m 
3025sh 3030sh | | 
3080m |3069s 3085m 3076vs 3060w |3072s 
3160w |\3170w a 





Wilson (1938) method ; 


| 8 out-of-plane 


Assignment with 
Description of 
Vibration 
(Randle and 
Whiffen’s (1954) 
notation) 





Torsion of -SO,X 
ae 
sensitive (x) 

in-plane X-sen- 
sitive (u) 


8 


8 in-plane X-sen- 
sitive (t) 

vS-Cl 

8 out-of-plane . X- 
sensitive (y) 
so, 

In-plane ring de- 
formation (s) 
Out-of-plane ring 


deformation (v) 
X-sensitive (r) 


| CH (f) 


vS-F 
vS-OCH, 
yCH (g) 


CH (i) 
yc H. (h) 
ySO-CH, 
Ring breathing (p) 
yCH (j) 
8CH (b) 


BCH (d) 
In-plane 
sitive (q) 


X-sen- 


BCH (ec) 
8CH (d) 
VSO. 

BCH (e) 


yvC-C (0) 
VasSO, 

yvC-C (n) 
yvC-C (m) 


vC-C (k, 1) 
vCH aliphatic 


yvCH aromatic 
vCH aromatic 





- ' Qualitative e ‘polarization data obtained by the ( Crawford- Horwitz (1947) modification of the Edsall- 
Raman frequencies are taken from Part II of this series (Ham and Hambly 19536). 
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TABLE 2 (Co ontinued) 




















C,H,SO,Cl C,H,SO,F C,H,SO,0CH, 
Infra-Red Infra-Red Infra-Red 
0-05 mm Assignment 0-05 mm Assignment 0-05 mm | Assignment 
Cell Cell Cell 
1560vw f+g=1584 1560vw f+g=1585 | £+g=1589 
1612w sh 1615w sh 1617w sh | 
1679w | f+i =1676 1685w f+i =1680 1692w | f+i—1679 
| 1713vw | 
1763w g+i =1762 | 1772w g+i =1765 | 1782w g+i=1770 
1800mw | g+h=1806 18l4mw g+h=1810 | 1817w | g+(h)=1815 
1903mw i+h=1897 1912mw i+h=1905 1915w | i+(h)=1910 
1935vwsh | i+j =1942 1937w i+j =1945 | 1945vw sh} i+(j) =1940 
1983w h+j =1986 | 1990w h+j =1990 | 1993w (h)-+-(j) =1985 
2085ww p+q=2078 2100vvw | p+q=—2095 
2105vw b+q=2101 2125vw b+q=2119 
2160w \2q ==2160 2190w 2q=2190 | 
2200vvw | 2255vvw 
2285vvw 
2265w q-+vsSO,= 2260 2315w q+vsSO,= 2308 2290vw | q+vsSO,= 2283 
2300vvw | 2350w sh 
2335vw 2vsSO, = 2360 2430vw = |2v,SO, = 2426 
2450vvw | q+ VasSO,= 2460 2500vvw | q+vasSO,= 2507 2460vvw q+ vVasSO, = 2459 
2520sh 2580sh 
2545w I(vs-+vas)SO,=2560 | 2605w —|(vs-+vas)SO,=2625 | 2545vw —|(vs-+-Vas)SO,= 2554 
2600sh 
2655w m-+y;SO,= 2660 2680w m-+yvsSO,= 2698 
2745w 2vasSO, = 2760 2795w 2vasSO, = 2824 
2775sh 
2890vw 2910vw 2870vw 
2960vvw 2930vvw 





and a series of alkoxyboranes. Simon, Kriegsmann, and Dutz (1956) assigned 
the strong infra-red band near 995 cm-! in methyl methane sulphonate to an 
OCH, vibration and Lehmann, Weiss, and Shapiro (1959, see p. 1229 for Table I1) 
correlated the O—C stretching frequency in methoxyberanes with a strong 
infra-red band in the region 1030-1040 em-1, 

(iv) The Aromatic Sulphonyl Frequency.—Ham and Hambly (19530) reported 
a Raman line at 1080 cm- in a series of aromatic sulphonyl chlorides, and at 
1095 em! in the corresponding fluorides, which they associated with the aromatic 
sulphonyl group. Later Freeman and Hambly (1957b) found that the 1095 em- 
frequency remained very constant in position in the infra-red and Raman spectra 
of a number of aromatic sulphonic esters, and there are a number of reports of 
such an infra-red band in related conipounds, e.g. diphenyl sulphoxide,* diphenyl 
sulphone, and diphenyl disulphide (Cymerman and Willis 1951), aromatic 


* vgo of diphenyl sulphoxide is identified at 1042 cm-1 (in Nujol) by its intensity and shift 
of +11cm-'! on solution in carbon tetrachloride. 
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Fig. 2.—Infra-red spectra of benzene sulphonyl chloride (a), benzene sulphony] 
fluoride (b), methyl benzene sulphonate (c), methyl p-toluene sulphonate (d), 
o-toluene sulphonyl chloride (e), m-toluene sulphonyl fluoride (f). 
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sulphonamides (Baxter, Cymerman-Craig, and Willis 1955), aromatic sulphinic 
acids and their esters (Detoni and Hadzi 1955), aromatic sulphonic acids and their 
esters (Detoni and Hadzi 1957), phenyl thiocyanate (Ham and Willis 1960), 
thiophenol (API infra-red spectrum 1438) phenyl methyl sulphide (API infra- 
red spectrum 1114). The infra-red spectra near 1100 cm-! of some of these 
compounds are shown in Figure 3. 
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Fig. 3.—Infra-red spectra in the region 1200-1000 em-! of a number of 
aromatic sulphur-containing compounds which possess an infra-red band 
near 1090 cm-. 


Detoni and Hadzi (1957) have sought a possible explanation of this frequency 
as an overtone of the SO, deformation frequency near 550 cm-!. The presence 
of this band in the non-oxygenated compounds rules against this assignment, 
as does the considerable intensity of the Raman line in thiophenol, the sulphonyl 
chlorides, sulphonyl fluorides, and sulphonic esters. 

Recently, Momose, Ueda, and Shoji (1959) have observed this infra-red 
band in a large number of phenyl sulphonyl derivatives. They have suggested 
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that it may be assigned to a C—H in-plane deformation vibration, intensified by 
the polar and heavy SO, group. This suggestion does not seem to be supported 
by a detailed examination of the infra-red and Raman spectra of benzene 
sulphonyl] fluoride. 

Randle and Whiffen (1954) have shown that monosubstituted benzenes 
have 5 in-plane C—H deformation vibrations which they designated as a, b, 
c,d, and e. Only one of these vibrations, viz. d, is expected to have a frequency 
near 1071 cm-! and it gives a moderately strong, infra-red band but often no 
Raman line (which, if it appears, should not be polarized). In benzene sulphonyl 
fluoride the 1069 cm-! band has these properties whereas that at 1097 em-} 
is strong in both absorption and scattering, and is strongly polarized. The 
corresponding bands in the sulphonyl chloride (1079 em-!) and methyl sulphonic 
ester (1094 cm-') and thiopherol (1094 cm-') are also polarized. For thiophenol 
this frequency falls into its expected place, close to chlorobenzene, on the 
curve of the substituent-dependent frequencies of monosubstituted benzenes 
(Kohlrausch 1943). 

TABLE 3 
SUBSTITUENT-SENSITIVE FREQUENCIES FOR C,H,SO,Cl, 
C,H,SO,F, anp C,H,SO,OCH, 


SUBSTITUENT AND 


C,H,-SO,Cl C,H,-80,F | C,H,-SO,0CH, 


Vibration -: oe B ee es = 


Frequency (em-*) 





1184 





vsSO, 1212 1187 
VasSO, 1380 1412 1365 
ssO0, 575 588 581 
vS-Cl* 37% 

vS—F 780 

vS—OCH,t 784 
vSO-CH, 988 
q(Car-S) 1079 1097 1094 
r(Car-S) 715 715 706 


* Identified from Raman spectra in Part II, Ham and Hambly (1953). 
+ Identified in Part IV, Freeman and Hambly (1957b). 


The highest of these substituent-sensitive frequencies has been assigned to 
vibration q by Randle and Whiffen (1954) and its mode of vibration involves a 
stretching of the C—X bond interacting with one of the ring-breathing motions. 
This type of in(ring)-plane motion gives rise to a strong polarized Raman line. 
Thus the strong polarized Raman line around 1095 em-'!, which was associated 
with the aromatic sulphonyl group in Parts II and IV, is now assigned to the 
vibration q of the aromatic carbon-sulphur bond. 

(v) Other Substituent-Sensitive Frequencies.—A second substituent-sensitive 
vibration, similar to q but of lower frequency and called r, is expected and is 
identified with the strong, polarized Raman line occurring near 715 ecm-, For 
the three molecules presently under discussion, the spectra also show distinctly 
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the two expected aromatic ring vibration frequencies near 680 and 759 cm-}, 
so that the above identification of a_characteristic C—S band at 715 em- is more 
certain than in the cases of the aromatic sulphur compounds discussed by 
Cymerman and Willis (1951). 
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Fig. 4.—Infra-red spectra of some substituted benzene sulphony] chlorides and sulphonyl 
fluorides. 


The other four X-sensitive vibrations (labelled y, t, wu, and a, all polarized 
except uw, for a molecule with C,; symmetry) are identified by means of their 
Raman polarization properties. 

The characteristic frequencies for the aromatic sulphonyl group are collected 
in Table 3 and the fuller vibrational assignments for the three molecules are 
given in Table 2. 
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(b) Vibrational Spectra of Substituted Benzene Sulphonyl Halides 


infra-red spectra of a number of the substituted aromatic sulphonyl 
and sulphonyl fluorides are shown in Figures 2 and 4. Their Raman 


spectra were previously reported in Part II (Ham and Hambly 1953b) and on 


of these, the characteristic frequencies of the —SO,X groups were 
Generally these assignments are supported by the infra-red spectra, 


with the exception of the vs—F and v,SO, frequencies in the sulphony] fluorides. 


infra-red spectra of the sulphonyl] fluorides correspond quite closely to 
the related chlorides but there are the following three significant 


differences : 


The fluorides always have an extra band between 750 and 780 em-!. 
This band is usually not present in the Raman spectra. By analogy 
with benzene sulphonyl fluoride this band is assigned to the sulphur- 
fluorine stretching frequency. 

The strong broad band near 1180 cm- in the sulphonyl chlorides shifts 
to about 1210 cm- in the sulphony] fluorides, and generally leaves a 
weaker band at 1180 cm-!. Again by analogy with the simple benzene 
compounds, the 1210cm~- fluoride band is assigned to the v,SO, 
frequency which has shifted from on top of an in-plane CH deformation 
band (1180 em-'). 

The strong band near 1380 cm-! in the sulphonyl chlorides shifts to 
about 1410 cm-! in the su'phonyl fluorides. This shift corresponds 
to that observed with the weak and diffuse Raman lines, which were 
assigned to the vasSO, vibration. 


With respect to the aromatic su phonyl frequency near 1090 em-!, which 
is now assigned to vibration q of Car—S, the infra-red spectra are less clear than 


TABLE 4 


CHARACTERISTIC SULPHONYL FREQUENCIES FOR SOME AROMATIC SULPHONYL CHLORIDES AND 


SULPHONYL FLUORIDES 












































| | 
C,H;- 9-081, 0,81, hm-O8t, 0H, p-CH,.C,H,-| p-Cl.C,H,- | p-Br.C,H,- 
Vibration | | | | 
Frequency (em?) 

| | | 
-SO,Cl | | 
vs8O, lisa 1183 | 1169 1181 | 1ls3— | 1190 
VasSO, i380 ~=6|~—s«1871 1384 1374 | «=6:1377, | ~—s«1878 
§s0, 575 | 584 587 573s 5652 | 585 
vS-Cl 373 373 369 373 374 373 
q(Car-S) 1079 | 1078 | 1082 1081 1086 1078 
-SO,F | | 
vs8O, 1212 1209 | 1208 1205 1212 1213 
vasSO, 412 | = 1398S | 142 1414 1405 1408 
§s0, 588 596 | 591 = i = 
vS-F 780 | 775 762 155 788 780 
q(Car-S) 1097 1099 | 1095 1097 1093 1095 
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the Raman spectra. The frequencies in absorption and scattering correspond 
but the infra-red spectra are complicated because the solid compounds were 
determined using a mull of methylene iodide which has an absorption band at 
1102 em-}. 

The frequencies characteristic of various aromatic sulphonyl derivatives 
are listed in Table 4. It is seen that, with the reassignments made above, both 
SO, stretching frequencies increase in going from the sulphonyl chloride to the 
fluoride, and that the S—F stretching frequency is generally around 780 cm-'. 
By contrast with the S—Cl stretching vibration, which gives a strong Raman 
line, the S—F stretching vibration is generally only seen in the infra-red spectrum. 
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INTRAMOLECULAR HYDROGEN BONDING IN MONONITRO- 
NAPHTHYLAMINES 


By A. Bryson* and R. L. WERNER* 
[Manuscript received May 6, 1960] 


Summary 

The presence of intramolecular hydrogen bonding in 2-nitro-1-naphthylamine, 
l-nitro-2-naphthylamine, 3-nitro-2-naphthylamine, and _ 8-nitro-l-naphthylamine is 
inferred from a study of the NH frequencies of the 14 isomeric mononitronaphthylamines 
in the solvents carbon tetrachloride and pyridine. 

The NH stretching frequencies are decreased in pyridine as a result of hydrogen 
bonding between the amino group and the solvent. The extent of this decrease is quite 
uniform for all nitronaphthylamines except those in which the nitro and amino groups 
are adjacent, and in these cases the decrease is about half that observed from the 
remaining compounds. This is interpreted as indicating the presence of intramolecular 
hydrogen bonding in the latter group, the extent of which reduces the degree of solvent— 
solute interaction. 


I. INTRODUCTION 

During an investigation of the effects of substituents on the pK, values of 
1- and 2-naphthylamines, the problem arose as to the extent of intramolecular 
hydrogen bonding in those mononitronaphthylamines in which the nitro and 
amino groups are adjacent, as for example, 2-nitro-1-naphthylamine, 1-nitro-2- 
naphthylamine, 3-nitro-2-naphthylamine, and 8-nitro-1-naphthylamine. These 
compounds present interesting structural differences which are reflected in their 
pK, values, namely, 2-nitro-l-naphthylamine, —1-74 (—1-6),/ 1-nitro-2- 
naphthylamine —0-85 (—1-00), 3-nitro-2-naphthylamine 1-48, and 8-nitro- 
1-naphthylamine 2-79 (Bryson 1949, 1960). The first three compounds, like 
v-nitroaniline, are very weak bases, this property being the result of stabilization 
of the bases by intergroup conjugation. But whereas structure I retains the 
resonance stabilization of one benzene ring, IT is a diorthoquinonoid structure of 
higher energy content and therefore contributes less to the mesomeric state. 
Hence 3-nitro-2-naphthylamine is more than 200 times stronger as a base than 
1-nitro-2-naphthylamine. On the other hand, the main contributing structure 
of 8-nitro-l1-naphthylamine is non-quinonoid and the compound has a pK, 
value of 2-79 comparable with the values for other non-quinonoid nitronaphthyl- 
amines. Therefore, it is of interest to determine to what extent the factors 


* School of Chemistry, University of New South Wales, Kensington, Sydney. 
+ The values in parentheses are from Bryson’s (1949) paper. 
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responsible for acid-base equilibria contribute to the incidence of internal hydrogen 
bonding in these compounds. . 

Hathway and Flett (1949) first examined this problem by measuring the 
NH and NO stretching frequencies of the available nitronaphthylamines, and 
found that in 2-nitro-1-naphthylamine the asymmetric NH frequency was raised 
from 3486 cm-! in «-naphthylamine to 3528 cm—!, while the symmetric frequency 
fell from 3412 to 3378 cm-1. Similar features were observed in 1-nitro- 
2-naphthylamine. In both cases the NO stretching frequencies were lower 
than in the corresponding nitronaphthalenes. These characteristics were 


NO? 
NH, NH, 
a” Cre 
49) a) 


considered to indicate intramolecular hydrogen bonding. On the other hand, 
internal hydrogen bonding was considered to be absent in 3-nitro-2-naphthylamine 
and 8-nitro-1-naphthylamine since the NH frequencies were almost the same as 
in the naphthylamines themselves. However, in one of these cases the data are 
unacceptable since it has been shown (van Rij, Verkade, and Wepster 1951 ; 

Jard and Coulson 1953; Bryson and Werner 1955) that the substance con- 
sidered to be 3-nitro-2-naphthylamine was in fact a mixture of 5- and 8-nitro-2- 
naphthylamines. 


We have reexamined the problem using, in addition to the well-established 
nitronaphthylamines, an authentic sample of 3-nitro-2-naphthylamine, and 
on the basis of comparative measurements in two solvents, have concluded that 
internal hydrogen bonding is present in all four compounds in which the nitro 
and amino groups are in adjacent positions. 

The presence of chelation in ortho-substituted phenols is well established 
in o-nitrophenol, where it is revealed by physical properties such as volatility, 
cryoscopic measurements, and more particularly by a substantial lowering of the 
OH stretching frequency and a marked widening of the band. By comparison, 
o-nitroaniline shows no such distinctive infra-red properties, the effect of the 
substituer 5 being to increase the asymmetric frequency by a substantial amount, 
and to change that of the symmetric mode only slightly. This behaviour, which 
is also observed in p-nitroaniline, is ascribed to a change of hybridization of the 
NH, bonds towards the sp? state as a result of intergroup conjugation. These 
observations do not however constitute evidence for the presence of intra- 
molecular hydrogen bonding, and Dyall and Hambly (1958) have pursued the 
matter further by examining a number of diortho-substituted anilines from which 
it is clear that no simple explanation of the effects of substituents on NH 
frequencies is as yet available, nor is there necessarily any relation between 
these and the occurrence of internal hydrogen bonding. 
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Seeking a firmer criterion for intramolecular hydrogen bonding, we noted 
that Short (1952) had made an examination of amino substituted quinolines and 
acridines, and had made the significant observation that NH 
frequencies were considerably lower in pyridine than in carbon 
tetrachloride solutions presumably as a result of N—H...N 
bonding in the former solvent. Further, in such cases as 
l-aminoacridine and 8-aminoquinoline where intramolecular 





Hu” hydrogen bonding may be expected (as in III), the decrease in 
frequency was significantly less than that for other cases, and 
(ID this was attributed to the reduced interaction of the pyridine 


with the unbonded hydrogen of the amino group. We have 
applied this criterion to the nitronaphthylamines, and the results are considered 
to provide evidence for the presence of intramolecular hydrogen bonding bet veen 
the amino hydrogens and the nitro group in the four compounds under review. 


II. EXPERIMENTAL AND RESULTS 

With the exception of 3-nitro-2-naphthylamine which was obtained by the 
courtesy of Professor Verkade, the nitronaphthylamines were prepared as 
described elsewhere (Bryson 1949). The infra-red measurements were made on 
a Perkin-Elmer double-pass recording spectrometer using a LiF prism. Spectra 
were determined in approximately 0-005M solutions of the amines in dried and 
freshly distilled solvents, gaseous ammonia spectra being interpolated between 
the records of successive amines. Assignment of frequencies was made by 
reference to the ammonia bands 3396 and 3472 cm~-}, the accuracy being 
considered to be +1em-!. At the concentrations used, association between 
the solute molecules was considered to be negligible. For comparison, the 
spectra of aniline, 0-, m-, and p-aniline were also obtained, and these agree with 
other published values (Dyall and Hambly 1958). The experimental results 
(together with the values published by Short (1952) for some aminoacridines) 
are shown in Table 1. It is convenient to have a term incorporating the two NH 
frequencies, and we have also listed the approximate force constant k calculated 
by the formula for a 3-body oscillator, namely, k=2-76 x 10-5(v2-+-v2) (Linnett 
1945). The last column in Table 1 denotes the change in force constant Ak 
produced by the change in solvent from carbon tetrachloride to pyridine. 


III. Discussion 
Examination of Table 1 reveals the following features : 

(i) The parent compounds aniline, 1- and 2-naphthylamine, show similar 
behaviour in the two solvents, the differences in force constants Ak being about 
—0-51 in each case. The decrease in pyridine is due to intermolecular hydrogen 
bonding, and is an example of the general case of solute—solvent interaction which 
has been shown (Bellamy, Hallam, and Williams 1958) to affect vibration 
frequencies. 

(ii) The presence of the nitro group in m-nitroaniline and in all nitronaphthyl- 
amines except 4-nitro-1-naphthylamine and those with adjacent groups increases 
the NH force constants in carbon tetrachloride, and slightly decreases them in 
pyridine, the net effect being that Ak is somewhat more negative than for the 
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parent amines. These Ak values are fairly consistent, more especially in the 
substituted 2-naphthylamines. Tlie increase in the NH force constants due to 
the nitro group when the measurements are made in carbon tetrachloride is to 
be contrasted with the decrease in OH frequencies produced by the same sub- 
stituent in phenols, and was first noted by Richards (1948), who ascribed it to 
a change of hybridization of the NH bonds towards the sp? state. 















































TABLE 1 
NH sTRETCHING FREQUENCIES OF MONONITRONAPHTHYLAMINES IN CARBON TETRACHLORIDE AND 
PYRIDINE 
Se PE ba 
Frequencies 
Force Constant, k | 
Compound CCl, C,H,N (dynes em~* x 10*) Ak 
Va % | | Vg cc, | C;H,N 

Aniline 3480 3396 | 3380 «©3221 | 6-55 | 6-04 | —0-51 
o-Nitroaniline 3521 3399 3410 3302 | 6-63 6-24 —0-39 
m-Nitroaniline 3497 3407 3398 3205 6-60 | 6-04 —0-56 
p-Nitroaniline 3508 3417 3343 3173 | 6-64 | 5-88 —0-76 
1-Naphthylamine 3476 3396 3376 3229 6-54 6-04 —0-50 
2-Naphthylamine ci | 3485 3399 3392 3216 6-56 | 6-05 | —0-51 
3-Nitro-l-naphthylamine | 3489 3405 3370 3213 6-58 6-00 | —0-58 
4-Nitro-l-naphthylamine | 3509 3419 3385 3189 6-65 5-99 —0-66 
5-Nitro-1-naphthylamine | 3480 3398 3377 3218 6-55 6-03 | —0-52 
6-Nitro-l-naphthylamine | 3482 3400 3373 3219 6-56 6-02 —0-54 
7-Nitro-l-naphthylamine | 3489 3406 3399 3222 | 6-58 | 6-08 | —0-51 
4-Nitro-2-naphthylamine | 3493 3403 3376 3207 6-59 | 6-00 | —0-59 
5-Nitro-2-naphthylamine 3495 3405 3367 3207 | 6-59 | 5-99 | —0-60 
6-Nitro-2-naphthylamine 3501 3408 3382 3205 | 6-61 6-01 | —0-60 
7-Nitro-2-naphthylamine 3494 3405 3367 3202 6-60 | 5-98 | —0-62 
8-Nitro-2-naphthylamine 3500 3408 3376 3207 | 6-61 | 6-00 0-61 
1-Nisro-2-naphthvlamine 3541 3390 3414 3308 | 6-60 | 6-36. | —0-24 
2-Nitro-1-naphthylamine 3522 3365 3404 3305 | 6°57 6-23 | —0-34 
3-Nitro-2-naphthylamine | 3515 3407 3404 3319 = (6-64 | «(6-26 —0-38 
8-Nitro-1-naphthyiamine 3456 3374 3423 3240 6-46 6-15 —0-31 
nigh nbc abantekeammaadicial Secon A Te = 
1-Aminoacridine * 3497 3387 3449 3307 6-56 6-32 —0-24 
2-Aminoacridine 3494 3406 3337 3199 6-59 5-92 —0-67 
4-Aminoacridine .. 3474 3394 3351 3218 6-53 5-98 —0-55 
8-Aminoquinoline . . 3479* 3400* 3452 3313 6-56 6-34 0-22 


\ 


* Values in chloroform. Since CHCl, will give values slightly lower than CCl,, the —Ak 
result is probably a little low compared with the others. 


(iii) p-Nitroaniline and 4-nitro-l-naphthylamine show similar character- 


istics. 


In both cases the force constants in carbon tetrachloride are appreciably 





greater than those of the parent amines, while in pyridine they are smaller. 
This increase in carbon tetrachloride can be correlated with the degree of sp? 
hybridization produced by intergroup conjugation. In both (ii) and (iii) the 
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greater negative values of Ak presumably denote increased solute-solvent 
interaction. 

(iv) Of all the nitronaphthylamines 8-nitro-1-naphthylamine alone shows a 
decrease in both the symmetric and asymmetric NH frequencies in CCl, as 
compared with the parent «-naphthylamine. This appears to be the only case 
where internal hydrogen bonding of the type N—H. . .O shows the expected 
decrease in the NH force constant. In all other cases, as for example 2-nitro- 
1-naphthylamine, the effect is overshadowed by an increase in NH force constant 
due to hybridization changes. 

(v) The most significant feature in Table 1 is the decrease in the values of 
—Ak for o-nitroaniline and the four nitronaphthylamines with adjacent groups. 
This trend, which is quite consistent, and parallel with that shown by 1-amino- 
acridine and 8-aminoquinoline, is considered to provide evidence for the presence 
of intramolecular hydrogen bonding in all these compounds. In those cases in 
which intramolecular hydrogen bonding would not be anticipated both hydrogen 
atoms of each NH, group are strongly affected by the solvent. As a result the 
forces operating in each N —H bond are reduced and this is reflected in the sharp 
drop in the asymmetric and symmetric stretching frequencies and in the Ak 
values. On the other hand where intramolecular bonding ties up one hydrogen 
atom, the powerful effect of the pyridine is felt by one hydrogen only. Thus 
the bond energy of only one N —H group is affected and the Ak value is lowered 
to a lesser extent. 


It is of some interest to speculate as to the degree of correlation between 
the Ak values and the factors that are usually considered to operate in favour 
of hydrogen bonding. These factors are: (i) the relative 


0 electronegativities of the atoms X and Y in X—H...Y, 
I (ii) resonance stabilization, and (iii) the distance between the 
by atoms X and Y. Factors (i) and (iii) can be combined in a 
CH general principle of hydrogen bonding thus (Coulson 1957): 
} H In the system X—H.../Y, the bond is strongest when the 
CH 6- atoms X and Y are the same element, and when their electro- 


Sa | negativities are high and structural conditions enable these to 
| approach the same value. Under these circumstances, and if 


O spatial conditions permit, the distance X---Y becomes small, 
and the hydrogen atom takes up a position close to the mid point 
(IV) of the two atoms. Examples of this extreme case are shown by 


F-H+F-, by the maleate ion IV, and by nickel dimethylzgly oxime. 
It follows that the strength of the hydrogen bond in N—H. . . O is less than in 
O—H...0O, and consequently the effects of chelation in o-nitrophenol are 
more noticeable than in o-nitroaniline. Moreover, it is to be expected that 
intermolecular association of the type N—H...N will be able to compete 
on more than equal terms with the intramolecular N—H...O bonding. The 
factor of resonance stabilization is a more debatable issue. In the case of 
o-nitrophenol, it is usually asserted that the contribution V renders the hydroxyl 
oxygen more positive and the nitro oxygens more negative, thus weakening the 
OH bond and promoting internal hydrogen bonding. However, this argument 
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extended to o-nitroaniline suggests that hydrogen bonding between the nitro 
and amino groups should be repressed since, as has been shown, the NH bond 
strength is increased by changes in hybridization indicated in VI. But resonance 
stabilization performs an incidental function of considerable importance, for in 
bringing the atoms of the substituent groups towards the plane of the aromatic 
ring, it provides the orientation necessary for hydrogen bonding, and may thus 
be the determining factor in o-nitroamines. We are thus led to the conciusion 
tha. internal hydrogen bonding in substances such as o-nitrophenol or acetyl- 
acetone is substantial since resonance effects are cumulative, whereas in 
o-nitroaniline it is weaker since they are in opposition. 


OH | NH 


NO> NO; 
(V) (VI) 


Application of these ideas to the naphthylamines is made difficult by doubts 
as to the quantitative significance of the Ak values. But several points can be 
made which are supported by other evidence. If 1-nitro-2-naphthylamine and 
3-nitro-2-naphthylamine are compared, the Ak values of —0-24 and —0-38 
indicate stronger hydrogen bonding in the former, and this is to be expected 
from the carbon —carbon distances of 1-365 and 1-404 A for C,—C, and C,—C, 
respectively, and from the extent of intergroup conjugation in the two compounds. 
Hunsberger (1950) has demonstrated similar features in hydroxynaphthaldehydes 
and hydroxyacetonaphthones where chelation in 1,2- and 2,1-compounds is 
nearly identical and much greater than in the 2,3-derivative. 


On the other hand, the value of —0-34 for 2-nitro-1-naphthylamine denotes 
less hydrogen bonding than in 1-nitro-2-naphthylamine despite the fact that the 
former compound is the weaker base. This may be the result of steric hindrance 
by the periCH group, not necessarily to intergroup conjugation, but to bonding 
of the free N —H to the pyridine solvent. This view receives confirmation from 
the work of Chaplin and Hunter (1938) in which it was shown by melting point 
and association studies that 1-nitro-2-acetonaphthalide is internally bonded 
whereas 2-nitro-1-acetonaphthalide is not, the latter circumstance being ascribed 
to interference by the peri-CH group to the in-plane orientation of the NHCOCH, 
group. 

The case of 8-nitro-1-naphthylamine is of interest since the factor of resonance 
stabilization is absent, and on the arguments previously advanced, intramolecular 
hydrogen bonding should be determined chiefly by spatial considerations. In 
this compound the NO, and NH, groups will each interfere with the free rotation 
of the other group, therefore, hydrogen bonding should be considerable. The 
lowering of NH frequencies in carbon tetrachloride solution, the Ak value of 
—0-31, and the fact that 8-nitro-1-naphthylamine is soluble in hot ligroin, all 
indicate that chelation does in fact exist. 
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Some comment is necessary on the conflicting conclusions reached in the 
present investigation and by Hathway and Flett (1948). Comparison of these 
authors’ data with the present figures shows that there are considerable differences, 
especially in the values for 8-nitro-l-naphthylamine, but it is not possible to 
trace the cause of these discrepancies for few details were given of the experimental 
methods. Since a sodium chloride prism was used it is unlikely that sufficient 
resolution would be achieved to secure accurate measurements of NH frequencies 
nor would accurate calibration be possible. We have made no measurements 
of NO, frequencies and can make no comment on Hathway and Fiett’s figures. 
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SIMPLIFIED ANALOGUES OF LYSERGIC ACID 


Ill. HYDROXY- AND CARBOXY-SUBSTITUTED N-ALKYL DERIVATIVES OF 
1,2,3,4-TETRAHYDRO-2-NAPHTHYLAMINE 


By J. CYMERMAN CRAIG,* B. Moore,* and DiANA M. TEMPLE* 
[Manuscript received June 20, 1960] 


Summary 


The preparation of some hydroxy- and carboxy-substituted N-alkyl derivatives 
of 1,2,3,4-tetrahydro-2-naphthylamine is described, and preliminary pharmacological 
tests reported. 


I. INTRODUCTION 

A number of N-alkylated derivatives of 1,2,3,4-tetrahydro-2-naphthylamine 
(I) (Craig, Moore, and Ritchie 1959) prepared as simplified analogues of lysergic 
acid (II) had been found to possess interesting pharmacological activity (Penne- 
father and Thorp 1958, 1959). 

Oxytoxic activity was reported by Baltzly, Dvorkovitz, and Phillips (1949) 
and Baltzly and Phillips (1949) in a series of N-methyl-N-(8-phenylethyl)- and 
N-methyl-N-(8-hydroxy-$-phenylethyl)-8-alanine esters (III; R,=H) and (IIT; 
R,=OH) and several amides of N-methyl-N-(1,2,3,4-tetrahydro-2-naphthyl)- 
B-alanine (IV), prepared by Marini-Bettolo, Chiavarelli, and Bovet (1952) and 
Marini-Bettolo, Vittory, and Bovet (1952), had marked pharmacological activity. 

In view of the high and specific antiserotonin activity shown.by N-methy]- 
N-n-propy]-1,2,3,4-tetrahydro-2-naphthylamine (I; R,=—CH,, R,=n-C,H,) 
(Pennefather and Thorp 1958), it was of interest to prepare some hydroxyalky! 
and carboxyalkyl derivatives of N-methy]-1,2,3,4-tetrahydro-2-naphthylamine. 

NN -Di-n-butyl-1,2,3,4-tetrahydro-2-naphthylamine, required to complete 
the earlier series, was obtained by acylation of the N-n-butyl derivative followed 
by reduction with lithium aluminium hydride. N-($-Hydroxyethyl)-1,2,3,4- 
tetrahydro-2-naphthylamine, prepared using 2-bromoethanol, was methylated 
by the Eschweiler-Clarke procedure to give the N-(§-hydroxyethyl)-N-methyl 
compound. Interaction of 3-bromopropanol with the parent amine (I; 
R,=R,=H) and also with N-methyl-1,2,3,4-tetrahydro-2-naphthylamine, yielded 
the N-(y-hydroxypropyl)- and N-(y-hydroxypropyl)-N-methyl derivatives, the 
latter accompanied by some of the fully aromatic compound. 


* Department of Organic Chemistry, University of Sydney. 
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Condensation of §-tetralone and 3-aminopropanol afforded, even in the 
presence of hydrogen, two products, one being the Schiff’s base (V), and the other the 
dehydrogenated compound, 2-(y-hydroxypropylimino)-1,2-dihydronaphthalene 
(VI) identified by analytical and light absorption evidence. Its ultraviolet 
spectrum resembled that of 1,1-dimethyl-2-keto-1,2-dihydronaphthalene (VII) 
(Amax, 230 and 236 my (log ¢ 4-19), 294 and 300 my (log « 4-0)) (Campbell and 
Cromwell 1957) with the bathochromic displacement expected on passing from the 
C:C.C:0 to the C:C.C:N chromophore. Catalytic hydrogenation of the Schiff’s 
base gave the desired y-hydroxypropylamine (I; R,=NH(CH,),0H, R,—H). 


COOH 





Ethyl 2-chloropropionate and N-methyl-1,2,3,4-tetrahydro-2-naphthylamine 
formed ethyl N-methyl-N-(1,2,3,4-tetrahydro-2-naphthy!)-8-aminopropionate, 
readily hydrolysed to the amino acid hydrochloride. The same material was 
obtained by cyanoethylation of the parent amine to give N-8-cyanoethyl-1,2,3,4- 
tetrahydro-2-naphthylamine, followed by methylation and acid hydrolysis to 
the amino acid hydrochloride. 


COOR CONR,R, 


a one _NMe 
* cs 
OL 


(i) IV 


¢ X 


Condensation of acetylglycolloyl chloride with the parent amine 
(I; R,=R,=H) afforded N-acetoxyacetyl-1,2,3,4-tetrahydro-2-naphthylamine. 

The possibility that N-(§-hydroxyethyl)-N-methyl-1,2,3,4-tetrahydro-2- 
naphthylamine might undergo cyclization at the benzyl position to give either 
a benzmorphan (VIII) or a hexahydroindole derivative (IX) by an intramolecular 
reaction was examined. Using polyphosphoric acid, the only product obtained 
was di-[(N-methyl-N-1,2,3,4-tetrahydro-2-naphthyl)-6-aminoethyl] ether showing 
that dehydration had occurred by an intermolecular mechanism. The acetoxy- 
acetyl compound could not be induced to cyclize by loss of acetic acid. Similarly, 
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attempted cyclization of N-methyl-N-(1,2,3,4-tetrahydro-2-naphthyl)-f-amino- 
propionic acid to the tetrahydrobénzquinolone (X) was unsuccessful. The acid 
was recovered unchanged after heating to 160 °C with polyphosphoric acid, and 
was also unaffected by concentrated sulphuric acid, nor did its acid chloride, 
prepared by the method of Sheehan and Frank (1949), undergo reaction with 
aluminium chloride. 


Me Me 
oO” ) N(CH,),0H N(CH»),0H 7 Oo 
N es 


v) (VP) (VI) 


We are indebted to Miss J. N. Pennefather and Professor R. H. Thorp of the 
Pharmacology Department of the University of Sydney for the results of a 
preliminary examination of these compounds, quoted below. 

The N N-di-n-butyl derivative (I; R,=R,=—n-C,H,) lowered the blood pressure 
of the cat, and had a slight antiadrenaline action in this species. In these 
respects, it was similar to its analogues (I; R,=—CH,, R,—n-C,H,) and (I; 


O 
NM Ny * % pee 
— ON. pi ZA yam 
OY OO $e 
IN he 
(VIII) (IX) X 


R,=H, R,=n-C,H,). The $-hydroxyethyl and y-hydroxypropyl derivatives, 
and the amino acid (I; R,=CH,, R,—§-carboxyethy]) all showed feeble pressor 
activity in the anaesthetized cat. The amino acid exhibited neither anti- 
histamine action nor antiserotonin effects on isolated smooth muscle preparations. 
This is in marked contrast to the alkylated analogue (I; R,=CH;, R,=n-C,H,) 
which had potent hypotensive action (cat) as weli as marked antihistamine and 
antiserotenin effects (Pennefather and Thorp 1959). 


Il. EXPERIMENTAL 

Melting points are uncorrect~i. The analyses were carried out by Dr. K. W. Zimmermann, 
C.S.1.R.0. and University of **ibewrne Microanalytical Laboratory, and by Miss B. Stevenson, 
University of Sydney. Infre-ret spectra were taken as capillary films or Nujoi mulls, and ulera- 
violet spectra measured i:. @¢!:cnol solution. 

(a) NN-Di-n-butyl-1,2,3,4-tet~hydro - 2 -naphthylamine.—N -n-Buty! - 1,2,3,4 -tetrahydro -2 - 
naphthylamine (5-88 g; 0-029 mole) was dissolved in dry chloroform (25 ml) and dry pyridine 
(2-75 g; 0-035 mole). To this cooled solution was added butyryl chloride (3-5; 2 033 mole) 
in dry chloroform (15 ml) and the mixture refluxed for 2 hr. After cooling, it was washed with 
dil. HCl and Na,CO, solution, dried, and the solvent evaporated. The residue was distilled to 
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give N-butyryl-N-n-butyl-1,2,3.4-tetrahydro-2-naphthylamine (7-5g; 95% yield) as a yellow 
viscous oil, b.p. 200-205 °C/1-5 mm. 

The amide (7-5 g ; 0-027 mole) was placed in the thimble of a Soxhlet extractor and extracted 
for 12 hr with dry ether (200 ml) containing lithium aluminium hydride (1-5g; 0-04 mole). 
The solution was cooled and excess reagent decomposed by addition of water. The combined 
ether extracts were washed with dil. HCl, the acid solution basified, and the amine extracted 
with ether. The dried extract on distillation gave the amine (6g; 80% yield) as an oil, b.p. 
150-152 °C/1-6 mm, nz> 1-5110 (Found: C, 83-2; H, 11-3%. Cale. for CygH aN: C, 83-3; 
H, 11-3%). Webb et al. (1954) give b.p. 145-152 °C/1 mm, nv 1-5308. 

The perchlorate crystallized from ethanol, m.p. 109-110°C (Found: C, 60-1; H, 8-3%. 
Cale. for C,,HgCINO,: C, 60-1; H, 8-4%). 

(b) N-(8-Hydroxyethyl)-1,2,3,4-tetrahydro-2-naphthylamine.—A mixture of 1,2,3,4-tetrahydro- 
2-naphthylamine (6 g), toluene (10 ml), and 2-bromoethanol (2-5 g) was heated to 130 °C for 3 hr. 
The toluene was removed in vacuo and the residue treated with 30% NaOH solution and extracted 
with chloroform. Distillation of the dried extract gave (i) recovered starting material, b.p. 
100-104 °C/2 mm, (ii) the hydroxyamine (2-37 g ; 62% yield), b.p. 160—164 °C/2 mm, we® 1-5635 
(Found: C, 75-5; H, 9-0%. Calc. for C,,H,,NO: C, 75-4; H, 9-0%). Matskevich (1941) 
reports b.p. 197-200 °C/15 mm. 

The hydrochloride had m.p. 183-184 °C. Coles and Lott (1936) give m.p. 183-8—184-8 °C, 


(c) N-(6-Hydroxyethyl)-N-methyl-1,2,3,4-tetrahydro-2-naphthylamine.—The above amine (20 g ; 
0-1 mole) was methylated in the usual manner (Craig, Moore, and Ritchie 1959) with formaldehyde 
and formic acid. The product had b.p. 120 °C/0-13 mm, nv 1-5450 (Found: C, 75-8; H, 9-3%. 
Cale. for C,;H,,NO: C, 76-0; H, 9-3%). 

The hydriodide, prepared by refluxing the hygroscopic hydrochloride with ethanolic sodium 
iodide, crystallized from ethanol, m.p. 112-114°C (Found: C, 46-8; H, 6-0%. Cale. for 
C,sHaINO: C, 46-9; H, 6-0%). 

(d) N-8-Cyanoethyl-1,2,3,4-tetrahydro-2-naphthylamine.—Acrylonitrile (5-9 g ; 0-11 mole) was 
added slowly to 1,2,3,4-tetrahydro-2-naphthylamine (14-7g; 0-1 mole) so that refluxing was 
just maintained. After a further 1 hr refluxing, distillation gave the cyanide (16-9g; 85% 
yield) as an oil, b.p. 130-132 °C/0-001 mm, nil 1-5518 (Found: C, 77-9; H, 8-1%. Cale. for 
C,3H,,N,: C, 78-0; H, 8-0%). Light absorption: vay, 3300 cm~! (NH), 2240 cm-? (CN). 

(e) N-8-Cyanoethyl-N-methyl-1,2,3,4-tetrahydro-2-naphthylamine.—Methylation of the above 
amine (13-16 g; 0-065 mole) by the method described in (c) afforded the tertiary amine (12 g ; 
86% yield) as an oil, b.p. 156-158 °C/1-2 mm, ny 1-5434 (Found: C, 78-0; H, 8-2%. Cale. 
for C,,H,,N,: C, 78:4; H, 8-5%). Light absorption: vpay, 2250 em~-1! (CN); no absorption 
in NH region. 

(f) N- Methyl -N - (1,2,3,4-tetrahydro-2-naphthyl)-B-aminopropionic Acid.—(i) The tertiary 
eyanoethylamine (1 g) was refluxed with cone. HCl (5 ml) for 4-5 hr. The solution was evaporated 
in vacuo, and the residue dissolved in dry ethanol (80 ml). The white precipitate of ammonium 
chloride was filtered off, the filtrate evaporated, and the residual amino acid hydrochloride crystal- 
lized from dry acetone, m.p. 177-178 °C (Found: C, 62-0; H, 7:-5%. Cale. for C,,H,,CINO, : 
C, 62-3; H, 7°5%). Light absorption: vy x, 1736 em~! (COOH). 

(ii) A mixture of N-methyl-1,2,3,4-tetrahydro-2-naphthylamine (12-4g; 0-077 mole), 
ethyl 2-chloropropionate (5-4g; 0-039 mole), and dry xylene (50 ml) was refluxed for 
2hr. The cooled mixture was filtered, the amine hydrochloride (6-45 g, 85% yield) washed 
with dry ether, and the filtrate and washings distilled to give the ethyl ester (6-14 g, 61% yield), 


b.p. 118-122 °C/0-07 mm, nv 1-5178. Burckhardt, Kundig, and Sieber (1952) give b.p. 
9 
110-114 °C/0-03 mm, nz? 1-5224. 


The ester was hydrolysed by refiuxing with 3n HCl for 2 hr, evaporating to dryness in vacuo, 
and recrystallizing the amino acid hydrochloride from acetone, m.p. 177-178 °C, undepressed on 
admixture with the material obtained in (f) (i). 
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(9g). N-(y-Hydroxypropyl)-1,2,3,4-tetrahydro-2-naphthylamine.—(i) A mixture of 1,2,3,4-tetra- 
hydro-2-naphthylamine (14-7 g; 0-1 mdle), 3-bromopropanol (7 g; 0-05 mole), and dry benzene 
(50 ml) was refluxed in nitrogen for 6 hr. The amine salt was filtered off and washed with ether. 
The combined filtrate was extracted with 3n HCl, the acid washed with ether, basified, and the 
amine extracted with ether. Distillation of the dried extract removed unchanged primary amine 
(0-25 g, 10% recovery), b.p. 140 °C/20 mm, and the residue with dry ethereal hydrogen chloride 
gave the amine hydrochloride (17% yield), m.p. 161 °C (Found: C, 64-4; H, 8-15%. Cale. for 
C,;H.,CINO : C, 64-6; H, 8-3%). Coles and Lott (1936) give m.p. 161 °C. 

The base had b.p. 124-130 °C/0-001 mm, no 1-5512 (Found: C, 76-5; H,9-2%. Cale. for 
C,,;3H,,NO: C, 76-1; H, 9-3%). 

(ii) The Schiff’s base hydrochloride obtained in (i) was hydrogenated in methanol solution in 
presence of Adams’s catalyst. After the theoretical volume of hydrogen had been absorbed, 
filtration and evaporation of the filtrate gave N-(y-hydroxypropyl)-1,2,3,4-tetrahydro-2-naphthyl- 
amine hydrochloride (69% yield), m.p. 162°C, undepressed on admixture with the material 
obtained in (g) (i). 

(h) N-(y-Hydroxypropyl) - N-methyl - 1,2,3,4 -tetrahydro -2-naphthylamine.—(i) A mixture of 
N-methyl-1,2,3,4-tetrahydro-2-naphthylamine (4-35 g; 0-027 mole), 3-bromopropanol (1-85 g ; 
0-013 mole), and dry toluene (25 ml) was refluxed in nitrogen for 4-5hr. The solution was 
cooled, diluted with ether, and the amine salt (96% yield) filtered off. Distillation of the filtrate 
gave the tertiary amine (1-51 g, 52% yield), b.p. 140-148 °C/0-001 mm, nal 1-5445 (Found : 
N, 6-3%. Cale. for C,,H,,NO: N, 6-4%). 

Treatment of the hygroscopic hydrochloride with lithium picrate solution gave the picrate, 
m.p. 122-124 °C, from ethanol (Found: C, 53-3; H, 5-4%. Cale. for C,H,,N,O,: C, 53-6; 
H, 5-4%). A mixed m.p. with picric acid depressed the m.p. to 110 °C. 

(ii) Refluxing of N-methyl-1,2,3,4-tetrahydro-2-naphthylamine (3 g; 0-002 mole), 3-bromo- 
propanol (2-6 g; 0-002 mole), triethylamine (1-9 g), and dry toluene (30 ml) in nitrogen for 3 hr, 
and working up by the method described in (i) gave the amine (1-05 g, 29% yield), b.p. 
135-150 °C/0-001 mm (Found: C, 76-2; H, 9-4%. Cale. for C,,H,,NO: C, 76-7; H, 9-6%). 

An acid-insoluble by-product, the salt of which precipitated with the triethylamine hydro- 
bromide, was found to be N-(y-hydroxypropyl)-N-methyl-2-naphthylamine (19% yield). Its 
hydrochloride formed needles from isopropanol, m.p. 200 °C (Found: C, 64-5; H, 7-5%. Cale. 
for C,,H,,CINO.4H,O: C, 64-5; H, 7-3%). Light absorption: ~Amay, 218 my (loge 4-25), 
266 (3-2), 275 (3-0), 300 (2-0). Vmax, 3400 em-? (OH), 814 (2-substd. naphthalene). 

(i) 2-(y-Hydroxypropylimino)-1,2,3,4-tetrahydronaphthalene.—A solution of 3-aminopropanol 
(7-5g; 0-1 mole) and (-tetralone (20 g ; 0-13 mole) in ethanol (60 ml) was shaken with hydrogen 
for 10 hr in presence of platinic oxide (50 mg). After removal of the catalyst, the filtrate was 
evaporated and partitioned between 2N HCl and ether. The neutral portion afforded unchanged 
8-tetralone (12-7 g, 60% recovery). The acid solution was basified, extracted with ether, and 
distilled to give two fractions : (i) the Schiff’s base (2-71 g, 27% yield), b.p. 145-147 °C/0-001 mm 
(Found: C, 76-6; H, 8-4%. Cale. for C,,H,,NO: C, 76-8; H, 8-4%). Its hydrochloride 
crystallized as needles from ethanol, m.p. 126—-127-5 °C (Found: C, 63-2; H, 7-7; N, 5-8%. 
Calc. for C,,H,,CINO.4H,O: C, 62-8; H, 7-7; N, 5-6%). 

(ii) 2-(y-Hydroxypropylimino) - 1,2-dihydronaphthalene (lg, 11% yield), b.p. 160— 
167 °C/0-001 mm (Found: C, 78-0; H, 7-8%. Cale. for C,,H,,NO: C, 77-6; H, 7°5%). 
Light absorption: ~Amax, 251 my (loge 3-98), 297 (4-0). Vmax, 3400 cm-! (OH), 1640 (conj. 
C=N), 1600 (conj. C=C), 760 and 730 (conj. cis —CH:-CH—), 750 (o-disubstd. benzene). 

(j) Action of Polyphosphoric Acid on N-(8-Hydroxyethyl)-N-methyl-1,2,3,4-tetrahydro-2- 
naphihylamine. — N - (8 - Hydroxyethyl) - N - methyl - 1,2,3,4 - tetrahydro - 2 - naphthylamine 
(1-5 g; 0-0095 mole) was added gradually to polyphosphoric acid [prepared from syrupy H,PO, 
(18 ml of 85%) and P,O, (38 g)] at 150 °C and the mixture heated in nitrogen for a further 1-5 hr 
at this temperature. The cooled mixture was poured into water, basified, and extracted with 
ether. Evaporation of the dried ethereal extracts gave di-[(N-methyl-N-1,2,3,4-tetrahydro-2- 
naphthyl)-B-aminoethyl] ether (28% yield), ».p. 92°C/0-1mm (Found: C, 79-2; H, 9-0%; 
mol. wt. (Rast), 406. Calc. for C,,H;,N,0: C, 79-5; H, 9-2; mol. wt., 392). Light absorp- 
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tion: no absorption in the OH region. The substance did not react with acetic anhydride in 
pyridine. The hydrochloride crystallized from ethanol-ether as needles, m.p. 206-5-207-5 °C 
(Found: C, 67-0; H, 8-4%. Cale. for C,,H;,Cl,N,O: C,-67-1; H, 8-2%). 


(k) N-Acetoxyacetyl-1,2,3,4-tetrahydro-2-naphthylamine.—A cooled solution of 1,2,3,4-tetra- 
hydro-2-naphthylamine (3g) in chloroform (15 ml) and pyridine (1-5 ml) was treated during 
10 min with a solution of acetylglycolloyl chloride (2-7 g) in chloroform (10 ml). The mixture 
was refluxed for 45 min, cooled, and washed with dilute HCl and water. Evaporation of the 
chloroform solution gave the amide (2-7 g, 54% yield) crystallizing from benzene—light petroleum 
(b.p. 60-80 °C) as needles, m.p. 97-98 °C (Found: C, 67-8; H, 6-9%. Calc. for ©C,,H,,NO,: 
C, 68-0; H,6-9%). Light absorption: vpax, 1748 cm! (ester), 1651 cm~-? (amide I), 1560 cm} 
(amide IT). 
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A SYNTHESIS OF ALKYLPYRIDINES 
By G. W. K. Cavi1,* D. L. Forp,* and D. H. SoLtomon* 
[Manuscript received May 26, 1960] 


Summary 
The action of hydrochloric acid on a pentane-1,5-dialdehyde bis-2,4-dinitropheny]- 
hydrazone, in acetic acid, yields the corresponding pyridine. The method is a useful 
one, applicable te the synthesis of various alkylpyridines. Its application to the 
synthesis of 2,3-dihydropyridines is also reported. 


I. INTRODUCTION 

Of the numerous methods reported for the synthesis of pyridine and its 
derivatives, those which involve 1,5-dicarbonyl compounds as intermediates, 
either directly or indirectly, are widely employed (for a review, see Campbell 
1957). In the course of recent studies on the naturally occurring 1,5-dialdehyde, 
iridodial (I), its bis-2,4-dinitrophenylhydrazone was converted into the pyridine 
alkaloid, actinidine (II) (Cavill and Ford 1960), and a further investigation of 
this reaction, which provides a useful method for the synthesis of pyridines, 
is now described. 


CHO 


VA | 
CHO 7 


(I) (ID 


II. SYNTHESIS OF PYRIDINES 

The conversion of a 1,5-dicarbonyl bis-2,4-dinitrophenylhydrazone into a 
pyridine derivative formally resembles the Knoevenagel (1894) synthesis ; that 
is, the reaction of a 1,5-dicarbonyl compound with hydroxylamine. However, 
in the present reaction, an acid catalyst is necessary. Thus a pentane-1,5- 
dialdehyde derivative of type III (Cavill and Solomon 1960), on treatment with 
hydrochloric acid in acetic acid solution, yields the appropriate pyridine (V), 
isolated and characterized as the picrate. The bis-2,4-dinitrophenylhydrazone 
of pentane-1,5-dialdehyde, and of its 2-methyl- and 2,4-dimethyl-derivatives, 
yields pyridine, 3-methyl-, and 3,5-dimethyipyridine, respectively. Similarly, 
2-formyleyclopentylethanal bis-2,4-dinitrophenylhydrazone (Cavill et al. 1958) 
is converted into 3,4-cyclopentenopyridine. The ultraviolet absorption data 
for these compounds (regenerated on steam distillation of an alkaline solution 
of the picrate) is in agreement with that previously reported (cf. Andon, Cox, 
and Herington 1954; Podall 1957). 

The reaction sequence may involve an acid-catalysed cyclization of the 
bis-2,4-dinitrophenylhydrazone to give a tetrahydropyridine derivative (type IV), 


* School of Chemistry, University of New South Wales, Broadway, Sydney. 
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then a 1,2- and a 1,4-elimination of 2,4-dinitrophenylhydrazine and of 2,4-dinitro- 
aniline respectively would yield the pyridine (V), the overall reaction being 
facilitated by the formation of the aromatic structure. In agreement, 2,4-dinitro- 
phenylhydrazine and 2,4-dinitroaniline have been obtained as by-products from 


H» Ho 
A a ee OP ie 
nea ow = 
HC CH=NNHX HEX GHNH.NHX 
{| N 
N.NH.X dh 
NH.X 
(Il; R=H or Me; 
X=C,H,(NO,),) | 
H, 
oR 
R R ge 
a ee ee A 7 
| +XNHj+XNHNH, — I 1S: : 
n7 NT SNELNELX 
(V) NH.X 
(qv) 


an investigation of the cyclization of iridodial bis-2,4-dinitrophenylhydrazone. 
On the other hand, 2,2,4,4-tetramethylpentane-1,5-dialdehyde bis-2,4-dinitro- 
phenylhydrazone, which is incapable of such cyclization and elimination reactions, 
is recovered quantitatively from the acid treatment. 

The method is a general one, applicable to the synthesis of pyridine and its 
derivatives, and it has the practical advantage of employing the easily isolated 
bis-2,4-dinitrophenylhydrazone as the starting material. 


III. SYNTHESIS OF DIHYDROPYRIDINES 
Application of the method to 2,2-dialkyl-1,5-dicarbonyl bis-2,4-dinitro- 
phenylhydrazones resulted in small yields of the corresponding 2,3-dihydre- 
pyridines, much resinification being noted.* The bis-2,4-dinitrophenylhydrazones 
of 2,2-dimethyl- and 2,2,4-trimethylpentane-1,5-dialdehyde, on treatment with 


CHO 
(as BIS-2,4 -DNP) 
CHO Ht 





(VD 


hydrochloric acid in acetic acid solution, gave 3,3-dimethyl-2,3-dihydropyridine 
and 3,3,5-trimethyl-2,3-dihydropyridine respectively. In a similar manner, 
isoiridodial bis-2,4-dinitrophenylhydrazone (Solomon 1959) yields the dimethyl- 
cyclopentenodihydropyridine (VI). In all cases, these dihydropyridines were 
isolated as the picrates. 


* The dihydropyridines may have been formed in better yield, but under acid conditions, 
hydrolysis could occur, resulting in polymerizable by-products. 
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TasBie 1 
ULTRAVIOLET ABSORPTION BATA FOR THE 2,3-DIHYDROPYRIDINES 








Compound Amax. Solvent € 
(mu) 
3,3-Dimethyl-2,3-dihydropyridine i i 240* Water 4500 
3,3,5-Trimethyl-2,3-dihydropyridine .. ss 235* Water 6000 
3,3-Dimethy]-4,5-cyclopenteno-2,3-dihydro- 238* Water 5100 
pyridine (VI) 
CH,;,—_CH=CH—CH=N—C,H, (VII) od 220t Ethanol | 23000 
CH,—CH=CH—CH=CH—CH, (VIII) os 227t Ethanol 22500 
5-Methyleyclohexa-1,3-diene .. vc Ki 260t Ethanol 4900 





* Present work. 
+ Barany, Braude, and Pianka (1949). 
t Booker, Evans, and Gillam (1940). 


Table 1 records ultraviolet absorption data for the various 2,3-dihydro- 
pyridines, which were regenerated on steam distillation of an alkaline solution 
of the picrate. Relevant reference compounds are also included. The major 
absorption band of these 2,3-dihydropyridines, Amax. 235-240 my, is at a longer 

yvavelength than that of the corresponding aliphatic system VII, which has 
Amax. 220myu. Such a displacement is to be anticipated from the known 
absorption of 5-methyleyclohexa-1,3-diene, Amax, 260 mu, compared with that 
of the aliphatic hexa-2,4-diene (VIII), Amax. 227 mu. 


IV. EXPERIMENTAL 

Melting points are uncorrected. Organic solvent extracts were dried over anhydrous 
magnesium sulphate. Carbon, hydrogen, and nitrogen microanalyses are by Dr. E. Challen of 
this University. 

(a) Action of Acids on Iridodial Bis-2,4-dinitrophenylhydrazone.—(i) Iridodial bis-2,4-dinitro- 
phenylhydrazone (200 mg), on treatment with hydrochloric acid (1 ml; 10N) in acetic acid (5 ml ; 
17Nn), yields 1’,5-dimethyl-3,4-cyclopentenopyridine (II), which was isolated as the picrate (57 mg), 
m.p. 146-147 °C (see Cavill and Ford 1960). 

Similarly, 2-formyleyclopentylethanal bis-2,4-dinitrophenylhydrazone (35 mg) gave 3,4-cyclo- 
pentenopyridine, isolated as the picrate (10 mg), m.p. 138-139 °C. The picrate softened at 112 °C 
with loss of water (CuSO, test) (Found: N, 15-1%. Calc. for C,,H,,O,N,.H,O: N, 15-3%). 
Prelog and Metzler (1946) record m.p. 144 °C. 

(ii) Iridodiai bis-2,4-dinitrophenylhydrazone (100 mg) was. suspended in ethanol (5 ml) 
and hydrochloric acid (5 ml ; 10N) was added. The mixture, which slowly darkened, was refluxed 
for Shr. After cooling, the mixture was filtered to remove some starting material (30 mg), m.p. 
and mixed m.p. 228-230 °C, with decomposition. The acid filtrate and washings (20 ml) were 
extracted with chloroform, and the product chromatographed on alumina. The major band 
(yellow) was eluted with benzene/chloroform 1/1, and gave 2,4-dinitroaniline, m.p. and mixed 
m.p. 179°C. The filtrate was made alkaline (NaOH solution), then re-extracted with chloroform 
to yield a brown gum, which gave the cyclopentenopyridine picrate (10 mg), m.p. 145-146 °C, 
on treatment with a saturated alcoholic solution of picric acid. The m.p. was undepressed on 
admixture with the specimen described in (i). 

(iii) Iridodial bis-2,4-dinitrophenylhydrazone (240mg) was refluxed with sulphuric acid 
(1 drop ; 36n) in acetic acid (10 ml; 17N) for }hr. The resultant yellow-orange solution yielded 
N-acetyl-2,4-dinitrophenylhydrazine (30 mg), which was recrystallized as yellow prisms, m.p. 
and mixed m.p. 199-200 °C, from 95% ethanol. 2,4-Dinitrophenylhydrazine, which was liberated 

D 
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on hydrolysis of the N-acetyl derivative with dilute hydrochloric acid, readily formed aceto- 
phenone 2,4-dinitrophenylhydrazone, m.p. 247-249°C (cf. Ramirez and Kirby 1953). The 
residual aqueous solution, treated as described previously, gave the cyclopentenopyridine picrate, 
m.p. and mixed m.p. 146-147 °C. 

(b) Cyclization of 2-Methylpent 1,5-dialdehyde Bis-2,4-dinitrophenylhydrazone.—The bis- 
2,4-dinitrophenylhydrazone (500 mg),* on treatment with hydrochloric acid (0-75 ml; 10n) 
in acetic acid (25 ml) for $ hr, gave 3-methylpyridine, which was isolated as the picrate (90 mg), 
yellow needles, m.p. 149-150 °C. Schwarz (1891) records m.p. 149-150 °C (Found: C, 44-5; 
H, 3-2; N, 17°-4%. Calc. for C,,H,,O,N,: C, 44-7; H, 3-1; N, 17-4%). 

Similarly, pentane-1,5-dialdehyde bis-2,4-dinitrophenylhydrazone (500 mg) gave pyridine, 
isolated as the picrate (100 mg), m.p. 165-166 °C. Bell (1931) records m.p. 167 °C (Found : 
N, 18-:0%. Cale. for C,,H,O,N,: N, 18-2%). 2,4-Dimethylpentane-1,5-dialdehyde bis-2,4- 
dinitrophenylhydrazone (100mg) gave 3,5-dimethylpyridine, isolated as the picrate (20 mg), 
m.p. 244-245 °C (Found: N, 16-3%. Cale. for C,,;H,,0O,N,: N, 16-7%). Hackmann, Wibaut, 
and Gitzels (1943) record m.p. 244-245 °C, 

(c) Cyclization of 2,2-Dimethylpentane-1,5-dialdehyde Bis-2,4-dinitronhenylhydrazone.*—The 
bis-2,4-dinitrophenylhydrazone (200 mg) with hydrochloric acid (6 drops) in acetic acid (10 ml), 
was treated as above, to yield 3,3-dimethyl-2,3-dihydropyridine, isolated as the picrate (5 mg), 
m.p. 181-185 °C, from saturated aqueous picric acid (Found: N, 16-9%. Cale. for C,,;H,,0,N, : 
N, 16-6%). 

Similarly, 2,2,4-trimethylpentane-1,5-dialdehyde bis-2,4-dinitrophenylhydrazone (200 mg) 
yields ‘3, 3,5-trimethyl-2,3-dihydropyridine, isolated as the picrate (13 mg), m.p. 163-166 °C, from 
saturated aqueous picric acid (Found: N, 15-7%. Cale. for C,4H,,O,N,: N, 15-9%). Finally, 
ésoiridodial bis-2,4-dinitrophenylhydrazone (200mg) (Solomon 1959) yields 3,3-dimethyl-4,5- 
cyclopenteno- 2,3-dihydropyridine, isolated as the picrate (6 mg), m.p. 194-196 °C, from saturated 
aqueous picric acid solution (Found: N, 14-8%. Cale. for C,,H,,0;,N,: N, 14-8%). 
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SOME STUDIES IN INORGANIC COMPLEXES 
VIII. COBALT(II) AND COBALT(IIL) WITH 2-PICOLYLAMINE 
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Summary 


Complexes of cobalt(II) and (III) with the chelating ligand 2-picolylamine have 
been prepared and studied. Those of cobalt(II) are Copic,(ClO,), and CopicI,.2H,0, 
where pic is the ligand 2-picolylamine. Measurements of magnetic susceptibility have 
shown that in both of these the cobalt atom is spin-free, giving rise to momenta of 4-8 
and 4:9B.M. respectively. By means of conductance measurements in water, 
methanol, nitromethane, and nitrobenzene, it has been shown that the former is an 
octahedral complex and the latter, whilst probably octahedral, could be tetrahedral. 
[he cobalt(III) complexes described include ([Copic,](ClO,),, [Copic,Cl,}]Cl.HCl, 
[Copic,Cl, JCI, :[Copic,(NO,),]NO;.4H,O, [Copic,(NO,),]NO,, and [Copic,(H,O), ](C1O,),. 
By means of the above measurements it has been shown that all the latter are diamagnetic 
octahedral complexes. A study of absorption spectra in the visible region, in the above 
solvents where possible, has also been made and the results correlated to solution 


ce . $+ : ‘ ; 
stability. Attempts to resolve the Copicg" complex into its enantiomorphs were 
unsuccessful. 


I. INTRODUCTION 

The use of the base 2-picolylamine as a chelating ligand with nickel(II) 
and copper(II), as described by Sutton (1960a, 19606), prompted this investigation 
with cobalt. The addition of 2-picolylamine to a solution of cobaltous salt in 
the presence of perchlorate ions in aqueous ethanol results in the formation of a 
brown solution from which brown Copic,(ClO,), may be precipitated, pic being 
2-picolylamine. Halides and other salts are not readily precipitated in the pure 
state and, being very soluble, are readily oxidized. Cobaltous iodide and the 
base in equimolecular proportions in aqueous ethanol and in an atmosphere of 
carbon dioxide react to form a green complex CopicI,.2H,O. The corresponding 
chloro and bromo complexes probably exist but have not been isolated in the 
pure state. Conductance measurements in nitrobenzene and nitromethane 
(Table 1) indicate that the iodo complex is a non-electrolyte, a slight conductance 
being due to ionization or impurities. In methanol and water the substance 
behaves as a bi-univalent electrolyte, due to the action of solvent molecules. 
Since the magnetic moment was found to be 4:89 B.M. (Table 2), the cobalt 
atom is spin-free and the complex is therefore either tetrahedral or octahedral 
according to the position of the water molecules. Since it is stable to above 
200 °C it is considered to be an octahedral complex. For comparison, aquo- 
cobalt(II) complexes of 2,2’-dipyridyl were studied by Jaeger and van Dijk (1936), 
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and Sidgwick (1951) has summarized some of the other bases. The magnetic 
moment of the esbalt atom in the perchlorate Copic,(ClO,), was found to be 
4°83 B.M. (Table 2), indicating considerable orbital contribution by the three 
unpaired 3d electrons. The structure of this substance as an octahedral complex 
was verified by conductance measurements in nitrobenzene, methanol, and water, 
the values for the latter two measurements showing that some decomposition 


TABLE | 
MOLECULAR CONDUCTIVITIES OF COBALT COMPLEXES AT 10-°m atv 25 °C 





Conductivities (-! 


Substance aio e 


Water Methanol | Nitrobenzene Nitromethane 
CopicI,.2H,O ... + 251 195 2-9 14-0 
Copie,;(ClO,), eae a 283 | 226 42-5 
Copic,(ClO,), wie ‘ 396 306 68-6 
[Copic,Cl,JCl .. et 421 305 24-1 
Copic,(H,O),(ClO,), aaa 412 320 75-2 
[Copic.(NO,).]NO3.$H,O | 166 134 24:5 
[Copic,(NO,).]NO, ba 171 138 23-8 


takes place in dilute solutions (Table 1). A study of both cobalt(II) complexes 
was made in the visible spectrum, and the maxima and minima of the absorption 
curves obtained by plotting the logarithm of the molecular extinction coefficient 
against wavelength (in my) is summarized in Table 3. Unfortunately, com- 
parative studies in nitrobenzene were not possible for reasons of low solubility. 
Aerial oxidation of the Copie: :” complex in aqueous ethanol results in the forma- 


TABLE 2 
MAGNETIC SUSCEPTIBILITIES CORRECTED TO 20 °C 


Substance %g> 10-6 Zu ™ 10-8 Xm, «x 10-6 sie 
Copicl,.2H,O .. me 22-0 10054 10222 4-89 
Copice,(ClO,). ws en 16-5 9625 9808 4-82 
Copic,(ClO,), F on —0-2 0 
[Copie,Cl, JCl i —0-4 0 
Copic,(H,' 0),(C10,), os 0-1 0 
[Copie,(NO,),]NO,;.4H,O —0°7 0 
[Copie,(NO,),]NO, ia —0-8 0 


tion of the yellow Copic3* ion, hydrogen peroxide assisting this reaction. The 


yellow perchlorate Copic,(CiO,), is readily precipitated, although other salts 
are very soluble and attempts to isolate them by concentrating their solutions 
have resulted in the loss of a molecule of base with the formation of the brownish 
red diaquo complex Copic,(H,O)3*, the perchlorate of which was isolated with 
some difficulty. It is noteworthy that Pfeiffer and Werdelmann (1950) isolated 
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a salt of the 1,10-phenanthroline complex. By taking cobaltous salt and 
2-picolylamine in molar ratio of 1: 2, repeating the above procedure, and adding 
hydrochloric aciu, the green hydrochloride [Copic,Cl,]Cl.HCl may be obtained. 
Like the corresponding phenanthroline complex which forms a dihydrochloride 
according to Pfeiffer and Werdelmann (1950), the hydrogen chloride is lost below 
110 °C, leaving [Copic,Cl,]Cl as a green powder. In nitrobenzene the latter 
substance gives a green solution and the conductance measurement is in agreement 
with its structure as a uni-univalent electrolyte. However, in water and methanol 
the solutions become orange-brown, due to replacement of chloro groups by 
solvent molecules, resulting in a marked increase in conductivity (Table 1) ; 
ar d due to the formation of the Copic,(H,O)$* ion in water and Copic,(CH,OH)3* 
in methanol, different absorption spectra are obtained in these solvents compared 
with those in nitrobenzene (Table 3). It is assumed from analogy to the 


TABLE 3 
ABSORPTION SPECTRA OF COBALT COMPLEXES 


Substance Maxima Minima Solvent 
CopicI,.2H,O sm is - 618 588 Water 
Copie,(ClO,), 7 ie va 590,700 550,675 Water 
Copie,(ClO,), —.. = Ha 455,600 435,580 Water 
{Copie,Cl, JC] ee pr < 475 460 Nitrobenzene 
[Copia¢,Cl, }Cl - i e 595 495 Methanol 
[Copie,Cl, JCl te . ne 600 575 Water 
[Copic(H,O), |(ClO,),.. st 600 578 Water 
[Copic,(NO,), JNO, - “ 445 415 Water 
[Copie,(NO,),]NO, i ws 440 411 Methanol 


corresponding, complexes of ethylenediamine, 2,2’-dipyridyl, and 1,10-phenan- 
throline that the diaquo, dichloro, and dinitro (vide infra) complexes described 
in this work are the trans-isomers, although no cis-isomers were isolated. Attempts 
to prepare the\cis isomer of [Copic,Cl,|Cl were made by omitting excess hydro- 
chlorie acid in the preparation. However, the principal product was the diaquo 
complex [Copi¢.(H,O),|*+. Substitution of the ligand in chloropentammine- 
eobalt(IIT) chloride and carbonatotetramminecobalt(IIT) nitrate also gave this 
complex as the main product. The yellow trans-dinitro complex Copic,(NO,)2° 
was readily isolated as both nitrate and nitrite using a modification of the method 
outlined by Ferhelius (1946), by oxidation of cobalt(II) in the presence of 
2-picolylamine and nitrite. The structure of this complex as a uni-univalent 
electrolyte was also verified by conductance measurements in nitrobenzene, 
methanol, and water (Table 1). However, even in the latter solvents the results 
indicated that very little replacement of nitro by aquo molecules had taken 
place. Although Tronflently soluble in nitrobenzene for absorption measure- 
ments in the visibla spectrum to be made, a salt of this complex was studied in 
methanol and water (Table 3). Attempts to obtain the cis-derivative by 
substitution of 2-picolylamine in hexanitrocobaltate(III1) were unsuccessful, 
due to inability to isolate a pure salt of the very soluble violet complex formed in 
\ 
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solution. All the cobalt(III) complexes investigated were found to be diamagnetic 
(Table 2), soluble in water, methanol, and ethanol, and stable to temperatures 
above 200 °C, apart from the hydrochloride [Copic,Cl,|Cl.HCl. Attempts to 
resolve the complex Copic3* into its optically active enantiomorphs by means 
of d-«-bromcamphor-z-sulphonate, d-tartrate, and d-antimonyl tartrate were 
unsuccessful, since the salts are too soluble and the complex too unstable. 


II. EXPERIMENTAL 

Solvent purifications, conductance, magnetic, and absorption measurements were carried out 
according to the methods outlined in Sutton’s (1960a, 19606) previous papers. The carbon and 
hydrogen analyses are by Dr. E. Challen, Microanalytical Laboratory, University of Sydney. 

(a) Di-iodomono-(2-picolylamine) Diaquo Cobalt(II).—2-Picolylamine (1-08g; 10 mmole) 
was added to 95% ethanol (5 ml) and the solution added to a solution of cobalt chloride hexa- 
hydrate (2-4g; 10 mmole) and lithium iodide (3 g) in 95% ethanol (10 ml). Carbon dioxide 
was bubbled through during the reaction and this also served to stir the mixture, which changed 
from blue to brownish green. The fine microcrystalline green precipitate which formed was 
filtered rapidly, washed twice with cold ethanol and with ether, and dried over conc. H,SO, in 
a vacuum desiccator (yield 3-7). The substance decomposed to a brown mass at 218 °C (Found : 
C, 15-7; H, 2-8; I, 55-2%. Calc. for C,H,,.N,I,0,Co: C, 15-7; H, 2-7; I, 55-6%). 

(6) Tris-(2-picolylamine) Cobalt(II) Perchlorate.—Procedure (a) was repeated using 2-picolyl- 
amine (3:24g; 30 mmole), omitting lithium iodide, and adding lithium perchlorate (4g). The 
brown solution was allowed to stand for 2 days in a vacuum desiccator over sulphuric acid, when 
small brown crystals were obtained. These were washed with cold ethanol and ether and dried 
in the vacuum desiccator (yield 4-1g) (Found: C, 37-4; H, 4:4; Co, 9-9%. Cale. for 
C,,H,,N,Cl],0,Co: C, 37-1; H, 4-2; Co, 10-1%). 

(c) Tris-(2-picolylamine) Cobalt(III) Perchlorate-—Procedure (b) was repeated omitting the 
CO,, adding 5n HCl (1 ml), and allowing a stream of air to pass through the solution for 30 min, 
together with drops of 3% H,O, (5ml). On standing overnight, yellow prismatic crystals were 
obtained which were washed with ethanol and ether. Yellow plates resulted by recrystallization 
from ethanol (yield 3-1 g) (Found: C, 31-3; H, 3-6; Co, 8-6%. Cale. for C,,H,,N,Cl,0,,Co : 
C, 31-7; H, 3-6; Co, 8-7%). 

(d) Dichlorobis-(2-picrolylamine) Cobalt(III) Chloride and Hydrochloride.—Procedure (c) was 
earried out using less picolylamine (2-16 g; 20 mmole), omitting the perchlorate, and after 
evaporating to half volume, treated with 10N HCl (2-0 ml). On allowing to stand, emerald green 
crystals were obtained, which were washed and dried as before (yield 2-4 g) (Found: C, 34-4; 
H, 4:0; Cl, 34:2%. Calc. for C,,H,,N,Cl,Co: C, 34-4; H, 4-1; Cl, 33-9%). The hydro- 
chloride was heated at 110°C for 2 hr, leaving a green powder (Found: C, 37-7; H, 4:5%. 
Calc. for C,,H,,.N,Cl,Co: C, 37-8; H, 4-2%). 

(e) Dinitrobis-(2-picolylamine) Cobalt(III) Nitrate Seraihydrate-—2-Picolylamine (2-16 g; 
20 mmole) in water (2-5 ml) was partly neutralized with 15n HNO, (2 ml) and the resulting 
mixture added to a solution of cobalt nitrate 6H,O (2-91 g; 10 mmole) and sodium nitrite (1-5 g) 
in water (10 ml). The mixture was aerated for 30 min and drops of hydrogen peroxide (5 ml) 
were added, and on standing overnight golden-yellow plates had crystallized out. These were 
washed and dried as before (yield 3-3 g) (Found: C, 32-8, 32-9; H, 3-9, 3-7; Co, 13-4%. 
Calc. for C,,H,,N,0,Co.4H,O: C, 32-9; H, 3-9; Co, 13-4%). 


(f) Dinitrobis-(2-picolylamine) Cobalt(III) Nitrite—Procedure (e) was repeated using 5N 
acetic acid (2 ml) in lieu of HNO, and increasing the sodium nitrite (3 g) (yield 3-0 g) (Found : 
C, 34:6; H, 4:0; Co, 14-4%. Calc. for C,,H,,N,O,Co: C, 34-9; H, 3-9; Co, 14-2%). 

(g) Diaquobis-(2-picolylamine) Cobalt(III) Perchlorate-—Procedure (d) was repeated omitting 
the latter 10N HCl and adding 70% perchloric acid (3-0 ml), A brownish red salt precipitated 
out after evaporating to half-volume and allowing to stand for 3 days (yield 2-8 g) (Found : 
C, 23:6; H, 2-8, 3:2; Co, 9-6%. Calc. for C,,H, N,Cl,0,,: C, 23-6; H, 3-3; Co, 9-7%). 
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THE PREPARATION OF SOME SURFACE ACTIVE ALCOHOLS 
CONTAINING THE ANTHRACENE NUCLEUS 


By F. H. C. STEwWART* 
[Manuscript received May 17, 1960] 


Summary 


The preparation of a series of homologous alcohols incorporating the anthracene 
nucleus is described and discussed. Certain of their physical properties, notably, 
surface activity and fluorescent behaviour, are examined qualitatively. 


I. INTRODUCTION 

In order to test the feasibility of studying the movements of monolayers 
of long-chain alcohols in anti-evaporation experiments by means of fluorescent 
additives or analogues, a number of surface active alcohols containing an 
anthracene nucleus have been synthesized. These compounds are collectively 
represented by structure I and contain a substituted anthracene nucleus with the 
hydroxy! group terminating a relatively short aliphatic side-chain. In order 
to provide a reasonably comprehensive range of potentially suitable compounds 
the group R has been made hydrogen, butyl, and dodecyl, respectively. 


R 
va : QS X=1 or 3;R=H, CyHo, or CypHos 
Acie * 


=5; R=H 
(CH) OH 
(I) 


The selection of this particular group of fluorescent derivatives was made 
with several considerations in mind other than the practicability of their use as 
fluorescent tracers. It was hoped to be able to study inter alia the photo- 
dimerization reaction of anthracene under the uniquely orientated conditions 
present in a monolayer. 

Although the anthracene nucleus in the alcohols (I) is part of the hydrophobic 
portion of the molecule, the high chemical reactivity of the meso positions 
suggested that interaction with the surface of the type long observed with other 
unsaturated centres (Adam 1941) was an additional factor to be kept in mind. 

From the preparative point of view an important advantage of structure I 
was the relative ease whereby a variety of suitable side-chains can be introduced 
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into the meso positions using 9,10-anthraquinone as the starting material. In 
addition to the alcohols of this structure 2-hydroxymbthylanthracene has also 
been prepared. 

Apart from 9-hydroxymethylanthracene (I; R=H; w#=1) none of the 
compounds represented by structure I appears to have been described previously. 
A closely related alcohol, 9-$-hydroxyethylanthracene, \has been prepared by 
Mikhailov ( (1948) during a study of the reactions of 9-anlthryl-lithium (cf. May 
and Mosettig 1948). 

A preliminary examination of the surface sdhatdiaad of these anthracene 
alcohols has been carri¢d out with a view to obtaining sothe idea of the nature 
and stability of their monolayers. 

Marked differences have been noted in the fluorescence intensity of the 
various anthracene derivatives prepared, and their behaviour in this respect las 
been compared qualitatively with existing results on the fluorescence of sub- 


stituted anthracenes. \ 


II. Discussion \ 
(a) Synthetic Methods \ 

Anthrone is readily obtained in high yield and purity by \the reduction of 
9,10-anthraquinone (Meyer 1941), and has been utilized as the starting material 
for most of the compounds to be described. The basic synthetic approach 
employed is illustrated by the following scheme : 


SS POCI3-DMF 





SOCI>2 
R y R R \ 
“— ae «i a i me 
sit rf ‘S) (1) NaCH(CO, Et), ws Sy (1) ESTERIFY A 4 eh 
1} a ee ———» 1] 
A! a a 2 a 


+ lL _ (2) Alc KOl es keer }(2)LAH, WwW J 1 
Ww ; i" Alc. KOH WALZ IH, >» shay 
I 





CHCl CHyCH,Cl )oH CH>CH\CH,OH 
Vv) (VI Vil \ 
The 9-alkylanthracenes (II) were prepared from anthrone and the corresponding 
alkyl magnesium bromides (Sieglitz and Marx 1923). In this reaction jt is 
necessary to use up to 3 moles of Grignard reagent for each mole of anthrone 
(Sieglitz and Marx loc. cit.), and this could be a drawback when the alkyl maniee 
is not readily expendable. 
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Formation of the 9-alkyl-10-anthraldehydes (III) was effected smoothly by 
the NN-dimethylformamide-phosphorus oxychloride procedure of Campaigne 
and Archer (1953), except that it was unnecessary to employ o-dichlorobenzene 
as solvent, thereby greatly facilitating the working up of the reaction mixtures. 

The reduction of 9-anthraldehyde (III; R=H) with lithium aluminium 
hydride has been studied by Romo and de Vivar (1956), who found that the 
course of the reaction depended to a large extent on relatively minor changes in 
the experimental conditions. The use of the milder reagent sodium borohydride 
for the reduction of the anthraldehydes (IIT) has been examined here. 9-Anthral- 
dehyde (III ; R=H) was converted in high yield to 9-hydroxymethylanthracene 
in boiling methanol, but under the same conditions 9-n-buty!-10-anthraldehyde 
(III; R=C,H,) gave as a major product a compound ©,,H,,0, which, from its 
properties and the absence of hydroxyl absorption in its infra-red spectrum, is 
probably bis-9-n-butyl-10-anthrylmethyl ether (cf. Fieser and Hartwell 1938). 
Using Cellosolve as the solvent, normal reduction occurred at room temperature 
to yield 9-n-butyl-10-hydroxymethylanthracene (IV; R=C,H,). In the case 
of 9-dodecyl-10-anthraldehyde (III ; R=C,,H,,) it was necessary to use pyridine 
as solvent owing to the low solubility of this aldehyde, but the reaction again 
proceeded normally. 

The alcohols (IV), which constituted part of the group of compounds 
examined for surface activity, were converted by thionyl chloride to the chlo1o- 
methyl derivatives (V). The latter were also obtained by direct chloromethyla- 
tion of the 9-alkylanthracenes. It is noteworthy that in the case of 9-n-butyl- 
anthracene the expected chloromethyl compound (V ; R=C,H,) was accompanied 
by bis-9-n-butyl-10-anthrylmethane (20%), whereas with 9-dodecylanthracene 
only the chloromethyl compound was obtained, and this also appears to be the 
ease with 9-methylanthracene (Badger and Pearce 1950). This behaviour is 
probably associated with the greater solubility of 9-n-butylanthracene in the 
reaction mixture. 

The conversion of the chloromethyl compounds (V) to the corresponding 
nitriles, followed by hydrolysis to 9-anthrylacetic acids, was briefly examined as 
a possible method of chain extension. Badger and Cook (1939) noted that 
chloromethyl groups in the meso positions of some polynuclear hydrocarbons, 
including anthracene, were unusually reactive and that the action of alcoholic 
potassium gave an ether, instead of the expected nitrile, owing to exclusive 
reaction with the solvent. Similar behaviour was observed here with 9-chloro- 
methylanthracene; the action of warm methanol gave 9-methoxymethy]l- 
anthracene, and the attempted preparation of the chloromethyl compound by 
the action of thionyl chloride on 9-hydroxymethylanthracene in pyridine solution 
gave a 9-anthrylmethylpyridinium salt. Formation of the required 9-anthryl- 
acetonitrile, however, proceeded normally in aqueous dioxane or acetonitrile. 
Hydrolysis of the nitrile by the relatively mild procedures applicable to phenyl- 
acetonitrile was not successful, but was effected by potassium hydroxide in 
boiling Cellosolve to yield 9-anthrylacetic acid. The “ anthracylacetic acid ”’ 
mentioned several times in the patent literature (Wolfram, Schérnig, and 
Hausdorfer 1929) is probably crude 9-anthrylacetic acid. 
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A more satisfactory method of chain extension was provided by the malonic 
ester synthesis (Badger and Cook 1939). In this way the chloromethyl compounds 
(V) were converted into the acids (VI) in fair yield. Daub and Doyle (1952) 
have described a shorter synthesis of the unsubstituted acid (VI; R=H) 
involving cyanethylation of the potassium enolate of anthrone, but clearly not 
applicable to the preparation of substituted acids (as VI). 

Esterification of the acids (VI) followed by reduction with lithium aluminium 
hydride gave the required 9-alkyl-10-y-hydroxypropylanthracenes (VII). 

A somewhat different approach was considered in the case of alcohols having 
the hydroxyl group attached to the anthracene nucleus by a chain of more than 
three carbon atoms, and is illustrated by the synthesis of 9-e-hydroxyamy! 
anthracene (XIT). 





; : Mg “ 
C.H-O-(CH»);Br ——— CsH5¢ )(CHy)s; MgBr 
(VII) (IX) H H 
wa 
SSS 
u 
CH,),OH CH,)-Bi 
‘1d 1) KOAc-HOAc A Yi“ Ny~* 
Sicuar | 
ay 2) Ale. KOH | AZ 
(XID XI (x) 


Bromoethers such as VIII are obtained, somewhat tediously, from the 
corresponding polymethylene dibromides, and have been much used for the 
synthesis of various long-chain polymethylene derivatives (Ziegler, Weber, and 
Gellert 1942; Nineham 1953). 

For the present work, the phenyl ether was selected preferentially as there 
is some evidence that Grignard reagent formation tends to be inhibited by the 
presence of alkyl ether groups (cf. Mann and Stewart 1954). In fact, the bromo- 
ether (VIII) reacted readily with magnesium, and the resultant Grignard reagent 
(IX) with anthrone gave 9-c-phenoxyamylanthracene (X). 

The remainder of the synthesis proceeded normally. Direct hydrolysis 
of 9-c-bromoamylanthracene (XI) was not satisfactory, but the required alcohol 
(XIT) was readily obtained by way of the intermediate acetate. 


(b) Surface Activity 
Although a detailed analysis of the surface behaviour of these anthracene 
alcohols is being carried out, some of the results of a preliminary investigation 
will be mentioned here. Solutions of the compounds were spread on a clean 
water surface in the usual way (Section III), and the area per molecule calculated 
at the onset of marked compression of tie film. The results are collected in 
Table 1. 
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With the compounds in Table 1 which form stable monolayers the area 
occupied by each molecule under compression will be controlled by the steric 
requirements of the anthracene nucleus which is the largest group present. 

The projected area of an anthracene nucleus depends on its orientation with 
respect to the surface, but should lie between the value for a single benzene ring 
(23 A2?; Adam 1923) (cross section taken along the short axis of the anthracene 
molecule), and the area in the main plane of the ring system, which an inspection 


TABLE 1 
SURFACE BEHAVIOUR OF ANTHRACENE ALCOHOLS 
Area per Molecule (A?) 


Substituted Anthracene 
at ~1 dyne em~ 


9-Butyl-10-hydroxymethyl- (IV; R=C,H,) .. Tr ~~32* 


9-Dodecy]-10-hydroxymethyl- (IV ; R=C,,H,;) he 46 
9-Butyl-10-y-hydroxypropyl- (VII; R=C,H,) .. ae 42 
9-Dodecyl-10-y-hydroxypropyl- (VII; R=C,.H,;) ss 47 
9-e-Hydroxyamyl- (XII) .. sch ea ni ot ~29* 


* Unstable films. 


of models suggests should be about 70 A®. The observed values indicate that 
the plane of the anthracene nucleus is tilted towards the surface at the onset of 
compression. The appreciable compressibility of these films before collapse 
sets in is probably due to increased orientation of the anthracene nuclei in the 
vertical direction. 
TABLE 2 
FLUORESCENCE OF SOME SUBSTITUTED ANTHRACENES 


All compounds compared visually at concentrations 0-001, 0-01, and 0-02% in benzene 


= 


Class I Class IT Class III 
(weak fluorescence) (moderate fluorescence) (strong fluorescence) 
9-Hydroxymethyl- | 9-Anthrylacetic acid 9-Butyl-10-y-hydroxypropylanthracene 
anthracene 
9-Methoxymethyl- | §-(9-Anthryl)propionic acid 9-Butyl-10-hydroxymethylanthracene 
anthracene 
9-Chloromethyl- | 9-y-Hydroxypropylanthracene 9-Dodecy1-10-y-hydroxypropyl- 
anthracene* anthracene 
9-c-Hydroxyamylanthracene 9-Dodecyl-10-hydroxymethylanthracene 
9-c-Bromoamylanthracene 8-(9-Butyl-10-anthryl)propionie acid 


* No visible fluorescence. 


(ce) Fluorescence Behaviour 
Polovikov (1950) has measured the fluorescence yield, that is, k=light 
emitted/light absorbed, for anthracene and a number of its meso-substituted 
derivatives. It was found that the value of k was greatest with two non-polar 
substituents in the meso positions. With polar groups in these positions the 
yield fell to low values. 
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Qualitative observations on some of the anthracene derivatives prepared 
here appear to be in accord with these results. Solutions of the compounds 
exhibit marked differences in fluorescence intensity, and can be conveniently 
classified as strongly, moderately, and weakly fluorescent, resnvectively, as shown 
in Table 2. 

Monosubstituted derivatives having a polar linkage adjacent to the nucleus 
are weakly fluorescent (Class I), whereas analogous compounds in which a polar 
bond is separated from the nucleus by two or more carbon atoms show markedly 
increased fluorescence (Class II). With the introduction of an alkyl group in 
the second meso position (Class III) the fluorescence intensity is still further 
enhanced. 

Since conjugative interaction of the substituents with the anthracene nucleus 
does not occur in any of the compounds in Table 2 it is probable that the degree 
of light absorption does not vary greatly within the series, and, consequently, 
qualitative comparison of the fluorescence intensities is valid. The observed 
trend is in agreement with Polovikov’s conclusions. 


Ill. EXPERIMENTAL 
Syntheses 

The microanalyses were carried out by the Australian Microanalytical Service, C.S.1.R.O. 
and University of Melbourne. All melting points are uncorrected. 

(a) 9-Hydroxymethylanthracene (III ; R=H).—A solution of sodium borohydride (0-2 g) 
in water (1 ml) and methanol (10 ml) was slowly added to a refluxing solution of 9-anthraldehyde 
(2 g) (Campaigne and Archer 1953) in methanol (50 ml). The addition was stopped when the 
bright yellow colour of the solution had faded, and water added. The product was filtered off, 
washed, and recrystallized from aqueous methanol (1-85 g, 92%), m.p. 156-158 °C, Hunter et al. 
(1956) give m.p. 162-164 °C. 

(b) 9-Chloromethylanthracene (IV ; R=H).—The 9-hydroxymethylanthracene (4-5 g) was 
refluxed for 3 hr with thionyl chloride (1-8 ml) and benzene (50 ml). The solvent was evaporated 
in vacuo, and the bright yellow product recrystallized from benzene—light petroleum 
(b.p. 80-100 °C) mixture (3-5 g, 71%), m.p. 137-5-138 °C ; Hunter et al. (loc. cit.) give m.p. 
141-142-5 °C. 

Treatment of 9-hydroxymethylanthracene (0-5 g) with thionyl chloride (0-2 ml) in the 
presence of pyridine (3 ml), followed by dilution with water and addition of aqueous potassium 
iodide gave 9-anthrylmethylpyridinium iodide, bright yellow prisms from hot water (0-65 g, 70%) 
m.p. 207-208 °C (decomp.) (Found: C, 61-0; H, 4-2; N,3-3%. Cale. for C,H,,NI: C, 60-5; 
H, 4-0; N, 3-5%). 

9-Chloromethylanthracene dissolved in warm methanol gave 9%-methoxymethylanthracene, 
yellow crystals from light petroleum, m.p. 90-91 °C (Found: C, 86-1; H, 6°4%. Cale. for 
C,,H,,0: C, 86-5; H, 6-3%). : 

(c) 9-Anthrylacetonitrile.—A solution of 9-chloromethylanthracene (0-5 g) in dioxane (10 ml) 
was warmed for a few minutes on the water-bath with potassium cyanide (0-2 g) in water (5 ml). 
Dilution with water precipitated the crude nitrile (0-5 g, 100%), which was recrystallized from 
methanol and then several times from light petroleum (b.p. 100—-120°C). The pure product 
formed light yellow laths or needles, m.p. 163-5-164-5 °C (Found: C, 88-7; H, 5-0%. Cale. 
for C,,H,,N: C, 88-5; H, 5-1%). When acetonitrile was used as solvent the yield was rather 
lower. 

(d) 9-Anthrylacetic Acid.—The 9-anthrylacetonitrile (0-1 g) was refluxed for 3 hr with KOH 
(0-5 g) in Cellosolve (5 ml). The resultant deep violet solution was diluted and acidified. The 
crude acid was boiled with aqueous sodium carbonate (charcoal) and filtered. Acidification gave 
0-08 g (74%) of fairly pure acid, which was recrystallized from benzene (charcoal), light yellow 
leaflets, m.p. 226-228 °C (Found : C, 80-7; H, 5-3%. Cale. for C,,H,,0O,: C, 81-3; H, 5-1%). 
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(e) 8-(9-Anthryl)propionic Acid (VI; R=H).—Ethyl malonate (1-6 g) was refluxed with 
sodium shavings (0-22 g) in benzene (10 ml) until the metal had all reacted. A solution of 9-chloro- 
methylanthracene (1-75 g) in benzene (30 ml) was added and the mixture allowed to stand over- 
night. After refluxing for several hours it was washed with water, dried over sodium sulphate, and 
the benzene removed in vacuo. The crude oily ester which remained was refluxed for 30 min 
with alcoholic NaOH. The Na salt which separated was filtered off, washed with ethanol, and 
dissolved in water. Acidification gave 9-anthrylmethylmalonic acid which was recrystallized from 
aqueous ethanol (1-0 g, 44%), m.p. 209-210 °C (decomp.) (Found: C, 73-5; H, 5-0%. Cale. 
for C,,H,,0,: C, 73-5; H, 4-8%). 

This acid (0-7 g) was pyrolysed at 210-220 °C for 15 min, and the cooled mass extracted with 
aqueous Na,CO;. The filtered solution was acidified to yield 8-(9-anthryl)propionic acid, yellow 
needles from benzene-light petroleum mixture (0-65 g, 100%), m.p. 194-195 °C ; Daub and Doyle 
(1952) give m.p. 194 °C. 

The ethyl e°ter was obtained by warming the dried Ag salt of the acid (0-4 g) with excess 
ethyl] iodide in ethanol, and formed needles from aqueous ethanol (0-36 g, 82%), m.p. 64-5—65-5 °C, 
For analysis the ester was recrystallized from methanol containing a little water (Found : C, 82-0; 
H. 6-5%. Calc. for C,.H,,0,: C, 82-0; H, 6-5%). 

(f) 9-y-Hydroxypropylanthracene (VII ; R=H).—The foregoing ethyl] ester (0-35 g) in ether 
(5 ml) was slowly added to lithium aluminium hydride (0-05 g) in ether (5 ml) with stirring. After 
refluxing for 1 hr excess ethyl acetate was added, followed by water and dilute H,SO,. Extraction 
with ether, and evaporation of the dried extract gave the alcohol, light yellow needles from benzene— 
light petroleum (0-2 g, 66%), m.p. 97-5-98-5°C (Found: C, 86-2; H, 6:9%. Cale. for 
C,,H,,0: C, 86-4; H, 6:8%). The compound gave a broad hydroxyl band at 3320 em-}. 

(g) 9-n-Butylanthracene (II ; R=C,H,).—This was prepared essentially as described by Sieglitz 
and Marx (1923). The product was chromatographed on alumina and recrystallized from 
methanol, m.p. 48-49 °C ; Sieglitz and Marx (loc. cit.) give m.p. 49 °C. 

(h) 9-n-Butyl-10-anthraldehyde (III ; R=C,H,).—A mixture of 9-n-butylanthracene (4-2 g), 
phosphorus oxychloride (3-1 g), and N. N-dimethylformamide (4-5 g) was heated on the water-bath 
for 2-3 hr. Dilution of the resultant dark red solution with water and aqueous sodium acetate 
gave a yellow oil which soon solidified. The washed and dried product was recrystallized from 
light petroleum (b.p. 60-80 °C) and formed bright yellow needles (3-1 g, 61%), m.p. 80-81 °C. 
The oxime formed light yellow needles, from aqueous ethanol, m.p. 186-5—-187 °C. Martin and 
van Hove (1952) give m.p.’s 80-5--81 °C and 183-5~-184-5 °C, respectively, for these compounds. 

(i) 9-n-Butyl-10-hydroxymethylanthracene (IV; R=C,H,).—A_ solution of 9-n-butyl-10- 
anthraldehyde (3-0 g) in Cellosolve (35 ml) was treated with sodium borohydride (0-12 g) in water 
(2 ml) and Cellosolve (10 ml) at room temperature, and the reaction mixture worked up as in (a). 
The alcohol formed almost colourless needles from methanol (2-55 g, 85%), m.p. 194-195 °C 
(Found: C, 85-8; H, 7-6%. Cale. for C,,H,O: C, 86-3; H, 7-6%). 

When the reduction was carried out in boiling methanol as in (a) the main product was 
bis-9-n-butyl-10-anthrylmethyl ether, glistening yellow leaflets from light petroleum (b.p. 80-100 °C), 
m.p. 181-182 °C (Found: C, 89-3; H,7-5%. Calc. for C,;,H,;,0: C, 89-4; H, 7-5%). 

The infra-red spectrum showed no detectable hydroxyl absorption. The above alcohol 
(IV ; R=C,H,) was also formed but it was of very inferior quality and required many recrystalliza- 
tions before pure. 

(j) 9-n-Butyl-10-chloromethylanthracene (V ; R=C,H,).—(i) Prepared from 9-n-butyl-10- 
hydroxymethylanthracene (2-5 g) as in (b). The compound formed bright yellow crystals from 
light petroleum (2-0 g, 75%), m.p. 121-122 °C (Found: C, 80-6; H, 7-0%. Cale. for C,,H,,Cl : 
C, 80-7; H, 6-7%). 

(ii) This compound was also obtained by adding a solution of 9-n-butylanthracene (0-6 g) 
in glacial acetic acid (5 ml) to the clear solution obtained by passing hydrogen chloride into a 
suspension of paraformaldehyde (0-4 g) in glacial acetic acid (5 ml). The yellow solid which 
separated overnight consisted of the required chloromethyl compound admixed with bis-9-n- 
butyl-10-anthrylmethane, which was readily separated by its low solubility in light petroleum. 
It formed yellow needles from benzene (0-1 g, 20%), m.p. 282-5-283-5 °C (Found: C, 92-0; 
H, 7°5%. Calc. for C,,H;,: C, 92°4; H, 7-6%). 
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The chloromethyl compound was recrystallized from light petroleum (0-35 g, 49%), m.p. 
122-5-123-5 °C. 5 

(k) 8-(9-n-Butyl-10-anthryl)propionic Acid (VI; R=C,H,).—9-n-Butyl-10-chloromethyl- 
anthracene (1-5 g) was subjected to a malonic ester synthesis as in (e), when 9-n-butyl-10-anthry!- 
methylmalonic acid was obtained as needles from aqueous ethanol (1-05 g, 57%), m.p. 199-200 °C 
(Found: C, 75-8; H, 6-6%. Cale. for C,.H,.O,: C, 75-4; H, 6-3%). 

Pyrolysis of this acid (0-9 g) as in (e) gave the acid (VI; R=C,H,) in the form of light yellow 
needles from light petroleum (0-7 g, 90%), m.p. 153-154 °C (Found: C, 82-2; H, 7-4%. Cale. 
for C,,H,,0,: C, 82-4; H, 7-2%). 

The methyl ester was obtained by refluxing the acid (0-5 g) with methanol containing a little 
conc. H,SO,, and formed needles from aqueous methanol (0-3 g, 59%), m.p. 99-100 °C (Found : 
C, 82-3; H, 7-7%. Calc. for C,.H,,0,; C, 82-5; H, 7-5%). 

(1) 9-n-Butyl-10-y-hydroxypropylanthracene (VII ; R=C,H,).—The foregoing methyl ester 
(0-2 g) was reduced as in (f), and the alcohol obtained as yellow needles from light petroleum 
(0-17 g, 93%), m.p. 114-5-115-5 °C, after two recrystallizations (Found: C, 86-0; H, 8-2%. 
Cale. for C,,H,,0: C, 86-2; H, 8-2%). The compound gave a broad, rather weak hydroxy] 
band at 3280 cm-?. 

(m) 9-Dodecylanthracene (II ; R=C,,H,,).—Prepared as in (g), the anthracene was recrystal- 
lized from ethanol, m.p. 46-5-47-5°C. The product was contaminated with tetracosane, m.p. 
50-5-51-5 °C, which, however, did not interfere with its use in the next stage. Schiessler, Rytina, 
and Whitmore (1948) give m.p. 49-3 °C for the pure anthracene. 

(n) 9-Dodecyl-10-anthraldehyde (III ; R=C,,H,,;).—The aldehyde was prepared from 9-dodecy]- 
anthracene (4 g) as in (h), and recrystallized from ethanol (3-6 g, 83%), m.p. 74-5-75-5 °C. This 
material was used directly for the next stage. For analysis it was recrystallized from light 
petroleum (b.p. 80-100 °C), m.p. 80-81 °C (Found: C, 86-6; H, 9-1%. Cale. for C,,H,,0 : 
C, 86-5; H, 9-1%). 

(0) 9-Dodecyl-10-hydroxymethylanthracene (IV ; R=C,,H,,;).—The foregoing aldehyde (3-0 g) 
in pyridine (25 ml) was reduced as in (7), and the resultant alcohol recrystallized from ethanol and 
then from light petroleum (2-1 g, 70%), m.p. 144-145 °C. For analysis it was recrystallized from 
methanol, m.p. 144-145 °C (Found: C, 86-2; H,9-7%. Cale. for C,,H,,0: C, 86-2; H, 9-6%). 

(p) 9-Dodecyl-10-chloromethylanthracene (V ; R=C,,H,;).—(i) Prepared as in (j) from the 
hydroxymethyl compound (1-9 g). The chloromethyl compound formed bright yellow needles 
from light petroleum (1-4 g, 70%), m.p. 98-5-99-5 °C. For analysis it was again recrystallized 
from light petroleum, m.p. 99-5—-100-5 °C (Found: C, 82-3; H, 9-0%. Cale. for C,,H,,Cl: 
C, 82-1; H, 8-9%). 

(ii) This compound was also prepared by direct chloromethylation of 9-dodecylanthracene 
(0-4 g) as in (j). Recrystallized from light petroleum (0-25 g, 55%), m.p. 99-5—-100-5 °C. 

(q) B-(9-Dodecyl-10-anthryl)propionic Acid (VI; R=C,,H,;)—The above chloromethyl 
derivative (1-4 g) was treated with sodiomalonic ester as in (k), and the resultant malonic acid 
(0-6 g, 35%), pyrolysed directly. The acid was recrystallized from light petroleum (b.p. 80—100 °C), 
and then from methanol (0-3 g, 55%), m.p. 112-113 °C (Found: C, 82-6; H, 9-1%. Cale. for 
C.ysH;,0,: C, 83-2; H, 9-2%). 

(r) 9-Dodecyl-10-y-hydroxypropylanthracene (VII ; R=C,,H,,;).—The foregoing acid (0-3 g) 
was converted to the ethyl ester with ethanol-H,SO, mixture. The ester was recrystallized from 
aqueous ethanol, and reduced as in (f). The resultant alcohol was recrystallized from light 
petroleum (0-15 g, 50%), m.p. 93-94°C. For analysis it was recrystallized from methanol 
when it formed light yellow needles, m.p. 94-95 °C (Found: C, 85-8; H, 9-9%. Cale. for 
CHO : C, 86-1; H, 10-0%). The infra-red spectrum showed a weak, diffuse band at 3300 cm-'. 

(s) 9-e-Phenoxyamylanthracene (X).—e¢-Bromoamy] phenyl ether (14 g), prepared as described 
by von Braun and Steindorff (1905), was converted into the Grignard compound (IX) with 
magnesium turnings (1-5 g) in ether (50 ml). A suspension of anthrone (3-6 g) in ether (50 ml) 
was added in portions to the cooled solution which was then refluxed for | hr. Most of the ether 
was distilled off, and the residue cautiously decomposed with water followed by dilute H,SO,. 
The mixture was extracted with ether, and the extract repeatedly washed with aqueous NaOH 
to remove unreacted anthrone. Evaporation of the dried extract gave an oil which solidified on 
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treatment with cold methanol. The anthracene was recrystallized from light petroleum (2-1 g, 

33%), m.p. 91-92 °C. Chromatography of a sample of this material on alumina showed that it was 

sufficiently pure to use directly for the next stage. For analysis a chromatographed sample was 

recrystallized from ethanol, forming light yellow leaflets, m.p. 94-95 °C (Found: C, 88-1; 
7, 7°4%. Calc. for C,,H,,0: C, 88-2; H, 7-1%). 

(t) 9-e-Bromoamylanthracene (XI).—The phenoxy compound (1-4 g) was refluxed with 48% 
HBr (20 ml) and glacial acetic acid (75 ml) for 6hr. The mixture was then diluted and made 
strongly alkaline with NaOH. Extraction with ether, and evaporation of the dried extract gave 
a crude product which was chromatographed on alumina. The required anthracene was obtained 
by elution of the first fluorescent band from the column, and was recrystallized from ethanol when 
it formed colourless needles having a strong blue fluorescence (0-75 g, 56%), m.p. 62-5-63-5 °C, 
A further quantity (0-2g, 15%), m.p. 62-63 °C, was obtained from the mother liquor. For 
analysis the compound was again recrystallized from ethanol, m.p. 63-5-64 °C (Found: C, 69-2; 
H, 5:9%. Calc. for C,H,Br: C, 69-7; H, 5-8%). 

The second fluorescent band contained a little unreacted phenoxy compound, m.p. 94-95-5 °C, 
while several much smaller bands occurred further up the column but were not investigated. 

(u) 9-e-Hydroxyamylanthracene (XII).—The above bromo compound (0-4 g) was refluxed 
with potassium acetate (0-5 g) and glacial acetic acid (2-0 al) for 4hr. On dilution with water 
an oil separated which solidified on scratching. The acetate formed light yellow needles from light 
petroleum (b.p. 80-100 °C), m.p. 71-72 °C (Found: C, 82-2; H, 7-2%. Cale. for C,,H,.O,: 
C, 82-4; H, 7-2%). 

The crude acetate was hydrolysed directly by refluxing for 2 hr with 20% ethanolic KOH 
(10 ml). After removal of most of the ethanol in vacuo, and dilution with water, the required 
alcohol was obtained as an oil which soon solidified. Recrystallization from light petroleum 
(b.p. 90-100 °C) gave a voluminous mass of colourless feathery needles (0-2 g, 62% overall) 
m.p. 94-95 °C. Further recrystallization always gave a different crystalline form as compact 
clusters of prisms having a faint yellow colour, m.p. 93-5—94-5 °C (Found: C, 86-4; H, 7-8%. 
Cale. for C,,H,,0: C, 86-3; H, 7-6%). The colourless feathery form could be obtained at will 
by recrystallization in the presence of a trace of the acetate. The alcohol gave a broad hydroxyl 
band at 3300 cm}. 

(v) Methylanthracene-2-carboxylate.—Anthracene-2-carboxylic acid (Barnett, Cook, and 
Grainger 1924) was esterified in the usual way with methanol and cone. H,SO,. The ester formed 
yellow crystals from benzene, m.p. 192-193 °C (Found: C, 81:5; H,5:2%. Cale. for C,,H,,0,: 
C, 81-3; H,5-1%). Apparently the only mention of this derivative in the literature is by Lauer 
(1937) who gives m.p. 128 °C (decomp.) but no analysis or other details. 

(w) 2-Hydroxymethylanthracene.—The foregoing methyl ester (0-2 g) was slowly extracted 
from a Soxhlet thimble into a refluxing ethereal solution of lithium aluminium hydride (0-1 g). 
On working up in the usual way the alcohol was obtained as glistening white leaflets from benzene 
(0-1 g, 60%), m.p. 217-218 °C (decomp.), For analysis it was again recrystallized from benzene, 
m.p. 223-224 °C (decomp.) (Found: C, 86-6; H,5:9%. Cale. for C,;H,,0: C, 86-5; H, 5-8%). 





Surface Measurements 

The surface behaviour of the different compounds was examined at room temperature in a 
surface trough with a lightly paraffined rim and Perspex barriers. The films were spread from 
light petroleum (b.p. 80-100 °C) solution of concentration 1 mg/ml, where solubility permitted ; 
otherwise, benzene solutions were employed. A known volume of solution was applied to the clean 
surface by an Agla micrometer syringe. The surface area was reduced until the surface pressure 
had attained a value of ~1 dyne cm~ as indicated by the movement of a Wilhelmy plate (glass 
cover-slip) attached to the beam of a torsion balance. The surface area per molecule was calculated 
at this pressure. The behaviour of the film was also noted on further compression and expansion. 
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ACETYLENIC ACIDS FROM FATS OF THE OLACACEAE AND 
SANTALACEAE* 


IV. THE OCCURRENCE OF OCTADECA-TRANS-11,TRANS-13-DIEN-9-YNOIC 
ACID IN PLANT LIPIDS 


By H. H. Hatt,j A. C. K. TRIFFETT,} and P. C. WAILEST 
[Manuscript received June 7, 1960] 


Summary 

The somatic lipids (from root, stem, or leaves) of one species from each of the genera : 
Ximenia (Olacaceae), Santalum and Leptomeria (Santalaceae) have been examined and 
the presence of the following acids established : (i) octadeca-trans-13-ene-9,11-diynoic 
acid, (ii) octadeca-trans-11,trans-13-dien-9-ynoic acid, (iii) octadeca-trans-11-en-9-ynoic 
(ximenynic) acid, and (iv) an octadeca-trans-trans-dienediynoic acid, not yet fully 
identified. The occurrence of (ii) and (iv) in Nature has not been previously observed. 
The seed fat of Leptomeria aphylla R.Br. has been examined and found to contain some 
20 per cent. of ximenynic acid as glycerides. 

No conjugated polyunsaturated acids were found in the lipids of the sole Australian 
representative of the closely related Belanophoraceae family. 


I. INTRODUCTION 

The most fruitful natural sources of acetylenic glycerides have been so far 
plants belonging to two closely related families, the Olacaceae and Santalaceae. 
The only other reported sources have been the seed oils from certain members 
of the Simarubaceae which yield octadec-6-ynoic (tariric) acid. Ximenynic 
(octadeca-trans-11-en-9-ynoic) acid »»* been the acetylenic acid found most 
commonly in the seed fats of the twu families. It has already been isolated 
from nine species of the genera: Santalum, Exocarpus, and Ximenia, and we 
now find it forms nearly 20 per cent. of the acids in the seed fat of the currant 
bush, Leptomeria aphylla R.Br. (Santalaceae). 

It is likely that it is not a constituent of all the seed fats of these families 
for Hilditch (1955) gives the compositions of four fats from members of the 
Olacaceae in which it was not reported. Three of the four analyses derive from 
relatively early work in which ximenynic acid could have been overlooked, 
although in one, coulsa oil from Coulsa edulis (Baillon), Steger and van Loon 
(1935) found such large amounts (95%) of oleic acid, that only small amounts of 
other acids could be present. The fourth concerns isano oil from the seed of 
Onguekoa gore (Engler). This oil has been the subject of several comprehensive 
investigations which have led to the detection in it of octadec-17-ene-9,11-diynoic 
(isanic) acid and of 8-hydroxyoctadec-14-ene-10,12-diynoic (isanolic) acid. 
together with two other acetylenic acids of unknown structure (Meade 1957), 
but not of ximenynic acid. The seed oils of the two families thus display at 


* For earlier papers viewed as parts of this series see Chem. & Ind. 1954: 962; J. Sci. Fd 
Agric. (1956) 7: 130; Aust. J. Chem. (1959) 12: 190. 
+ Organic Chemistry Section, C.S.I.R.O. Chemical Research Laboratories, Melbourne. 
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least four classes of composition : those devoid of acetylenic acids, those in which 
ximenynic acid is the only acetylenic acid, those in which it is associated with 
8-hydroxyximenynic acid and with higher, C..—C.,, homologues of oleic acid, 
and those in which isanic and isanolic acids occur. 

In Part III of this series, Hatt, Triffett, and Wailes (1959) showed that 
whereas ximenynic acid was the principal component of the seed fats of two 
species of Hxocarpus, the corresponding root lipids contained octadeca-trans- 
13-ene-9,11-diynoic acid as the major component. It was of interest therefore 
to find what are the principal unsaturated acids in the seed and somatic lipids 
among members of the Olacaceae and Santalaceae and what correlation, if any, 
can be discovered between the two classes of lipids. We propose to investigate 
at least one species from each of their genera. 


In the present paper we describe the examination of four species and the 
recognition of two additional polyunsaturated acetylenic acids as components 
of their somatic lipids. 

The root lipids of Ximenia americana Linn. were first examined because its 
seed fat has been carefully analysed by South African workers (Ligthelm and 
Schwartz 1950 ; Ligthelm, Schwartz, and von Holdt 1952 ; Ligthelm et al. 1954). 
Ximenynic acid was first recognized in seed fats from this and related species. 
As already mentioned (Part III), the root lipids of this plant are a complex 
mixture. If the bark and wood are extracted separately some resolution is 
effected, for the respective lipids show quite different ultraviolet spectra. Those 
of the wood show the typical spectrum of octadec-13-ene-9,11-diynoic acid. 
Using a method of estimation based on the differences in absorbance between 
the maximum at 266-5 my and either the adjacent minima or maxima, the 
glycerides of this acid were found to form 42 per cent. of the total lipids. Those 
from the bark show an absorption maximum at 266-5 my and a less intense 
one at 277 my (cf. Fig. 1). Both spectra show bands at 294 and 310 my which 
are absent from the spectrum of the pure acid present as major component. 

The two chief components could not be obtained pure from either bark or 
wood lipids by crystallization, but were obtained by reverse-phase chromato- 
graphy (Howard and Martin 1950; Crombie, Comber, and Boatman 1955). 
A third acid, responsible for the absorption maxima at 236, 293, and 310 my, 
appeared in the first eluates of 40 per cent. aqueous acetone. Subsequent 
elution with 45 per cent. aqueous acetone eluted first octadeca-trans-13-ene-9,11- 
diynoic acid, next the acid absorbing at 266-5 and 277 muy, and, finally, ximenynic 
acid. No other components with noticeable absorption in the ultraviolet were 
isolated and all four were present both in bark and wood lipids; only the 
proportions differing according to source. 

The acid showing the ultraviolet absorption spectrum of Figure 1 with 
bands at 266-5 and 277 mu has been identified as octadeca-trans-11,trans-13- 
dien-9-ynoic acid I. It melts at 46-46-5 °C, 

CH,(CH,),CH =CH —CH =CH —C=C —(CH,),CO.OH, 
t. t. 
(I) 
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and has Amax. 266°5 my (¢ 39,100) and Amax. 277 mu (¢ 30,500), Amin, 274 mu 
(c 28,300). The infra-red spectrum shows absorption bands at 2220 em-! 
(—C=C-stretching) and at 985cm-. A comparison of the strength of the 
latter with that of elaidic acid’s band at 968 cm-! demonstrated the presence of 
two trans-olefinic bonds. The type of ultraviolet spectrum and the spacing of 
1420 cm-' between its maxima indicate that the acid is of ‘“ dienyne ” rather 
than of ‘“ enynene ” type (Dale 1957). That it contained a conjugated trans- 
trans-diene system was confirmed by the formation of an adduct with maleic 
anhydride, which lacked all trace of the dienyne chromophore, but in its infra-red 
spectrum still showed the band for C=C-stretching. Since this liquid adduct 
gave large amounts of azelaic acid when oxidized with permanganate, but no 
trace of valeric acid, the location of the chromophore in the carbon chain was 
fixed. 


— 


30 F 


20F 


ex107? 











200 220 250 260 270 280 290 300 
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Fig. 1.—Ultraviolet spectrum of octadecadienynoic acid. 


Crombie and Jacklin (1957) have already synthesized this acid. They 
assigned a melting point of 45-46 °C, obtained a liquid adduct with maleic 
anhydride, and described an essentially similar ultraviolet spectrum: Amax. 
267 mp (e¢ 36,500) and Annex, 277 my (¢ 28,400). Through the kindness of 
Dr. L. Crombie we were able to compare his and our infra-red spectra and they 
were identical. 

The roots of Santalum acuminatum D.C. were examined to provide informa- 
tion that would complement the known compositions of four seed oils of this 
genus. There were noticeable differences in the lipid content of bark and wood, 
the bark providing the richer source. Three of the four acids found in the root 
of X. americana were also found here, and again, the octadecenediynoic and the 
octadecadienynoic acids were the chief acetylenic acids. In this plant the 
octadecenediynoic acid was dominant in lipids from all parts of the roots and the 
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third acid showing absorption maxima at 236, 293, and 310 my was present in 
much smaller proportion. Ximenynic acid was absent. 

The examination of material from L. aphylla was extended to cover the 
whole plant: root, stem, and phyllodes. The results confirmed less detailed 
examinations of other plants to the effect that the root is the richest source of 
somatic lipids (see Section II). Spectroscopic examination of the root lipids 
showed that in L. aphylla the “ third acid” was present in somewhat greater 
proportion and its isolation was attempted. Reverse-phase chromatography 
using 35 per cent. aqueous acetone as eluant made it possible to obtain a small 
amount of eluate that appeared spectroscopically free of the octadecenediynoic 
acid. The ultraviolet spectra of these fractions showed maxima 225-5, 236, 
277, 293, 302, and 310 my. The weak absorption bands at 277 and 302 could 
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Fig. 2. Ultraviolet spectrum of octadecadienediynoic acid. 


prove to arise from the presence of impurities. From its position in the order 
of elution and the persistence with which it co-crystallized with the octadecene- 
diynoic acid, the third acid was suspected to be a C,, acid with four unsaturated 
centres. The ultraviolet spectrum (Fig. 2) so closely resembles that described 
by Bohlmann and Herbst (1958) for deca-2,4-diene-6,8-diyne that there can be 
little doubt that this acid contains the same dienediyne chromophore. Bohlmann 
and Herbst report maxima at 225, 233-5, 276, 291-5, 301, and 308 mu (in ether). 
The crude acid shows a strong band in its infra-red spectrum at 985 cm con- 
sistent with supposing both olefinic bonds are of trans-configuration, and bands 
at 2160 and 2250 cm attributable to —C=C-stretching. The new acid is 
therefore most probably a conjugated trans-trans-octadecadienediynoic acid. 
Work is in progress to obtain this acid in sufficient quantity to establish its 
structure. 

The other acetylenic acids present in the lipids of L. aphylla have been shown 
to be the same octadecenediynoic and octadecadienynoic acids present in the 
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root lipids of Ximenia and Santalum species, together with ximenynic acid. 
The proportions in which these acids are found depends on the part of the plant 
examined. In its roots the glycerides of the enediynoic acid preponderate, with 
the dienediynoic acid as the next most abundant, and only small amounts of the 
glycerides of dienynoic acid and ximenynic acid are present. In the phyllodes 
(leaf-like parts) there is very little of the dienediynoic acid, more of the enediynoic 
acid, a large proportion of dienynoic acid, and no ximenynic acid. 

Two species, Thesiwm australe R.Br. and Comandra richardsiana Fernald., 
belonging to other genera of the Santalaceae have been briefly examined. The 
somatic lipids of both contain an octadecenediynoic acid, together with other 
polyunsaturated acids. The presence of acetylenic acids has also been detected 
in the somatic lipids of Nuytsia floribunda (Labill.) R.Br. This is a member 
of the nearly related Loranthaceae (mistletoe) family. Investigations of these 
materials are being continued. 

On the other hand, the lipids of Balanophora fungosa Forst. have been 
examined and found to contain no conjugated polyunsaturated acids. This 
plant is the sole Australian member of the Balanophoraceae, a family which 
botanists regard as in close kinship with the Loranthaceae, Olacaceae, and 
Santalaceae. Many of its members, like those of the last three families, are 
parasitic plants. 


II. EXPERIMENTAL 
Measurements of the ultraviolet spectra were recorded with a Beckmann DK2 spectrophoto- 
meter ; those of infra-red spectra with a Perkin-Elmer Model 21 double-beam spectrophotometer. 
Microanalyses were made in the C.S.I.R.O. and University of Melbourne Microanalytical 
Laboratory. 


(a) Lipids from the Roots of Ximenia americana 

Material collected at Machen’s Beach near Cairns, Queensland, was divided into bark and 
wood. These contained respectively 55 and 40% of water. Each was chopped coarsely and 
extracted with cold acetone for 2 days, the solvent removed, and the material milled and extracted 
twice more for periods of 24hr. The extracts were freed of acetone in nitrogen under reduced 
pressure at 25-30 °C and the residual aqueous liquors were extracted repeatedly first with light 
petroleum (b.p. 40-60 °C) and then with diethyl ether. The extracts were washed and dried 
(Na,SO,). The total extracts on a dry basis amounted to 1-08% from the bark and 0-56% from 
the wood. The portions extracted with ether (0-24 and 0-96%) contained much unsaponifiable 
matter and, as judged by their ultraviolet spectra, relatively little of the desired glycerides. 
They were not further examined. 

In the u.v. spectrum of the lipids from the wood the absorption spectrum of the 
octadecenediynoic glycerides was predominant. Their amount was estimated by a method to 
be described later in this paper. In the combined extracts they amounted to 42%, but in the 
second and third portions to 57%. The spectrum of octadecadienynoic glycerides was likewise 
predominant in the u.v. spectrum of lipids from the bark. It was noticeable, particularly in the 
extracts from the bark, that the first extract with acetone contained much free acids; the 
second and third extracts were largely glycerides. ‘Those from the wood gave a yield of glycerol 
of 7-2%. 

The extracts were saponified with hot ethanolic potash under nitrogen (90 min) and the 
acids were liberated and recovered in the usual manner. In some of these operations emulsions 
were troublesome and yields were not quantitative. The yield of acids was 62% from the wood 
lipids and 87% from the bark lipids. 

Both specimens of acid were solid and were readily obtained crystalline. After repeated 
crystallization the former consisted principally of octadecenediynoic acid and the latter of 
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octadecadienynoic acid. However, they could not be obtained pure and persistently retained 
much octadecadienediynoic acid. Pure ectadecenediynoic acid, octadecadienynoic acid, and 
ximenynic acid were separated from the total acids of both wood and bark by reverse phase 
chromatography. The method describe<t by Howard and Martin (1950) as modified by Crombie, 
Comber, and Boatman (1955) was use’. The column was packed with Johns-Manville “ Hyflo- 
Supercel”’ that had been made waiver. vepellent with dimethyldichlorosilane and had been 
impregnated with purified liquid paraffin. At first 45% aqueous acetone saturated with liquid 
paraffin was used as eluant. It gave a satisfactory separation of the octadecenediynoic, octa- 
decadienynoic, and ximenynic acids, but some of the octadecenediynoic acid was obtained free of 
dienediynoic acid only because of the large amount there. Use of more dilute acetone (35 or 40%) 
gave a better but still not a good separation of these two acids. 


(b) Octadeca-trans-11,trans-13-dien-9-ynoic Acid 

Crude acids from the bark of X. americana roots were resolved by reverse phase chromato- 
graphy as described above. The eluate (201.) showing peaks at 266-5 and 277 my was freed of 
acetone under reduced pressure, made alkaline, extracted with light petroleum to remove paraffin, 
acidified, and the acids extracted in ether. After many recrystallizations from light petroleum 
(b.p. 40 °C) the acid formed colourless plates, m.p. 46-46-5 °C, which did not become coloured in 
light. The u.v. spectrum showed Ajax 266-5 (¢ 39,100) and 277 my (¢ 30,500); Amin, 274 my 
(ec 28,300). The i.r. spectrum showed bands at 2220 em-! w (C=C, St), 1695 s (C=O, St) with a 
shoulder at 1710, 985 s (trans =C—H, Be), 1640 w and 1602 em-! w (C=C, St) (Found: C, 78-4; 
H, 10:3%. Cale. for C,,H,,0,: C, 78-2; H, 10-2%). In a microhydrogenation the hydrogen 
absorbed was equivalent to 3-9 g-moles/mole of acid. Hydrogenation im ethyl acetate with 
platinum oxide as catalyst gave stearic acid, m.p. 68-69 °C. 


(c) The Maleic Anhydride Adduct 

The pure crystalline acid (151 mg) from (6) was heated with maleic anhydride (70 mg) in a 
sealed tube under nitrogen at 100 °C for 24hr. Attempts were made to crystallize the resulting 
yellow oil from several solvents ; all failed. The oil was freed of any unchanged acid by washing 
with light petroleum and was heated at 180 °C for 1 hr at 0-05 mm Hg pressure to remove any 
maleic anhydride present. 

The purified adduct by its u.v. absorption showed complete absence of dienyne chromophore. 
Its i.r. spectrum still showed the absorption at 2220 cm~—! attributed to the presence of an acetylenic 
bond, but lacked the strong band at 985 cm~—' of the original acid, caused by the presence of the 
two trans-olefinic bonds. When titrated against alkali the adduct showed a shifting end-point, 
but neither the expected tricarboxylic acid nor its S-benzylthiuronium salt could be obtained 
crystalline. 


(d) Oxidation of the Adduct 

The adduct (90 mg) was oxidized with potassium permanganate in acetone, finally for 1 hr 
under reflux. The products were worked up in the usual manner. — In the volatile acids, acetic 
acid was detected on a paper chromatogram, but no trace of valeric acid. From the water- 
soluble acids a crystalline acid was obtained, m.p. (after crystallization from benzene—light 
petroleum) 104-5-106 °C. The m.p. of a mixture with azelaic acid showed no depression and 
on a paper chromatogram run with ethanol-ammonia—water and deve!oped with xylose-aniline 
the acid was clearly neither suberic nor sebacic acids. 


(e) Dimorphism of Ximenynic Acid 

After removal of octadecadienynoic acid the later eluate from the chromatographic separation 
of acids from the X. americana bark contained ximenynic acid. It was isolated according to the 
method described in (6) and, apart from its spectrum, was identified by melting point and mixed 
melting point with an authentic specimen. The material obtained here, as from all other sources 
mentioned in this paper, displayed dimorphism. On the Kéfler micromelting stage it mviied 
first at 36-37 °C and then if heated slowly solidified and melted again at 38-5-39°C. Heated 
more rapidly the two processes overlapped to give an unsharp melting point. 
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(f) The Root Lipids of Santalum acuminatum (Sweet Quandong) 


The material was collected at Huntley, Victoria. It was divided into wood, white inner 
bark, red middle bark, and outer bark. From these the lipids were extracted according to the 
method already described for roots of X. americana. All lipid material was highly coloured, but 
in all save that from the outer bark the enediyne spectrum was dominant and spectroscopic 
estimation of the glycerides of octadecenediynoic acid was possible. The extract from the outer 
bark showed strong absorption throughout the u.v. region and spectroscopic estimation of the 
enediyne content was not feasible. Most of this colouring matter was destroyed during saponifica- 
tion and the amount of acetylenic acids present in the fatty acids isolated after saponification was 
low and appeared to contain much more dienediynoic acid than lipids from other portions of the 
root, together with material showing absorption bands at the new positions of 243 and 328 mu. 
The acids from the outer bark have yet to be examined in detail. Data concerning the extraction 
and properties of the lipid material are presented in Table 1. 


TABLE 1 
LIPIDS FROM THE ROOT OF S. ACUMINATUM 





| Octa- 
decene- | | Octa- 
| Yield | diynoic | Saponi- decene- 
Com- Whole of Content | fication |Unsaponi-| Saponi- | Glycerol | diynoic 
ponent | Root | Extract of Equiv- fiables fiables Yield Acid in 
| (%) % Extract | alent %) (%) (%) Saponi- 
| (as fiables 
| glyceride, | (%) 
| | %) 
Outer 
bark .. | 6 | 0-5 _ 380 | 55 26 —_ _ 
Middle | | 
bark .. | 24 1-4 29 449 33 57 5-9 39 
Inner 
bark . 14 1-6 26 | 420 32 47 5-6 43 
Wood 56 5 10 _ —_— — _ —_— 


The fatty acids of the wood and of the two inner root barks showed spectroscopic evidence 
for the presence of smaller amounts of dienynoic and dienediynoic acids accompanying the 
octadecenediynoic acid. Crystallization failed to provide the pure octadecenediynoic acid and 
separation was accomplished by reverse-phase chromatography using 40 and 45% aqueous acetone 
as eluants. Solutions of each component were obtained that were spectroscepically pure. 
Octadecenediynoic acid, the principal component, was isolated in a state of purity, m.o. 42-5—44 °C, 
and converted, by hydrogenation to stearic acid, m.p. 69-5—70 °C. The unsaponifiable matter 
from the inner bark was semisolid. From ethanol it gave white leaflets, m.p. 135-135-5 °C, 
ai +31° (in CHCl,). It gave a positive Liebermann-Burchardt test: red through purple to! 
greenish blue. Among acceptable empirical formulae, analysis (Found: C, 82-4; H, 12-0; 
O, 6-0%) agrees most closely with C,,H,,0 (Cale.: C, 82-6; H, 11-7; O, 5-8%) and C,,H,,0, 
(Calc.: C, 82-3; H, 12-0; O, 5-8%). 


(g) Spectroscopic Estimation of Octadeca-trans-13-ene-9,11-d:_ wie Acid 


Where a lipid material showed the typical enediyne chromophore as the dominant feature 
of its u.v. spectrum the content of octadecenediynoic acid was estimated spectroscopically by a 
method which corrected for the absorption of other materials. The principle was the same as 
that in the method Brice and Swain (1945) used for the estimation of conjugated trienoie acids. 
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In the u.v. spectrum of pure octadecenediynoic acid the intercept of the line joining the minima 
at A 259 my. (¢ 6500) and A 276 my (¢ 4800) dn the ordinate at Amy, 266-5 leaves a band absorbance 
above this intercept of ¢ 17,000. Likewise a line joining the maxima at ) 252-5 and 282 mu 
leaves a band absorbance of ¢ 7000 above its intercept on the ordinate at Amax, 266-5. These 
absorbance increments are relatively free from the effects of impurities. The method sometimes 
is inapplicable, for example, when the octadecadienynoie acid is also present in quantity. 


(h) Lipids of Balanophora fungosa 

The plants were collected at Mission Beach, Queensland. The whole plant was divided 
roughly into rhizome, stem, and fruiting body and the lipids from each portion were extracted in 
the manner described for X. americana. When the extracts were saponified there was much 
formation of resinous matter. The u.v. spectra both of the extracts and of the acids isolated 
after saponification gave no clear evidence for the presence of conjugated polyunsaturated material. 
Before saponification the extract of the rhizome in its i.r. spectrum showed a weak band at 
2160 cm~' that might imply the presence of a little acetylenic material. Further examination of 
the extracts seemed unwarranted. The results obtained are given in Table 2. 


TABLE 2 
EXTRACTION OF LIPIDS 











| Yield of | . | Yield of 
Com. | Moisture Extract Saponi- Glycerol Unsaponi- | Saponi- 
ponent | Content (% dry fication from fiable fiable 
| (%) basis) | Equivalent | Extract | — (%) | (%) 
(%) | 
Lo a Ss _— 
Fruiting | 67 1:35 | 483 3-3 50 | 35 
body | 
Stem , | 50 2-6 727 70 20 
Rhizome 72 3-4 517 1-4 58 | 22 


(i) The Seed Oil of Leptomeria aphylla 

The ripe fruits were collected at Huntley, Victoria, in October 1959. The pale greenish yellow 
fruits (472 g) were highly acidic. They yielded 47-6 g of seed (small nuts or pits) of 6-5 mg average 
weight. These were ground rapidly in a Wiley mill and extracted under N, in a Soxhlet apparatus 
with light petroleum (b.p. 40-60 °C). Two extractions of 4 hr were made with a second milling 
interposed. The yield of oil based on the total seed weight was 42-8%. The greenish yellow 
limpid oil, unlike other seed oils of the Santalaceae family, did not give a precipitation of ‘‘ rubber ” 
when dissolved in acetone. The small amount of white precipitate which formed (phosphatide ?) 
was removed and the oil thus purified possessed the following properties : 


nv, 1-4730; saponification number, 185-5; iodine value (Wijs) (1 hr) 106-7, (2 hr) 105-5; 
unsaponifiable, 2-6%; glycerol yield (microdetermination), 8-4%,; Hehner value (yield of 


fatty acids), 90-5%. The oil-free seed meal contained 3-7% N. 


The oil had a u.v. spectrum typical of an “‘ enyne * chromophore with Amax, 228 my. From 
it the content of zimenynyl glyceride was calculated to be 19-5%. 


The approximate composition of the mixture of fatty acids was obtained in the following 
manner. Bromination of the acids (1-00 g) in cold chloroform gave a bromo acid (0-015 g) 
insoluble in ether. After crystallization from ethyl acetate it melted at 178-179 °C (Found : 
Br, 62-1%. Cale. for C,,H,,0,Br,: 63-2%). It is probably the hexabromide of linolenic acid. 
There was no additional bromo acid insoluble in light petroleum, and, if present at all, the amount 
of linoleic acid must be small. 
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A portion of the fatty acids was hydrogenated, esterified with diazomethane, and then analysed 
by Mr. K. E. Murray and Mr. Z. Kranz by gas chromatography. Only C,,¢, Cys, and Cy» acids 
were present and in the approximate raiio 5: 100: 1. 

Oxidation of a portion of the acids with cold dilute aqueous permanganate gave large amounts 
of erythro-9,10-dihydroxyoctadecanoic acid. After recrystallization from ethyl acetate this 
melted at 130—-130-5 °C and did not depress the m.p. of an authentic specimen. No evidence 
could be found of the presence of any tetrahydroxy- or hexahydroxyoctadecanoic acids among the 
products of this oxidation. Ximenynic acid was isolated from the fatty acids of this seed oil by 
reverse-phase chromatographic separation using first 40% and subsequently 45% aqueous acetone 
as eluant. Ximenynic acid was recovered from the eluate in the manner described above for the 
recovery of octadecadienynoic acid. After recrystallization twice from light petroleum it melted 
first at 36-37 °C, resolidifying to melt finally at 38-38-5°C. Its u.v. spectrum showed Amax. 
228 my (e 16,600) and Asnoulder 240 mu. It must be concluded that the seed oil of Leptomeria 
aphylla is a typical seed fat the fatty acids of which belong only to the C,,, C,,, and Cy» families. 
Ximenynic acid forms 19-5% of the total; there is a little linolenic acid present and little or no 
linoleic acid. The other principal unsaturated acid is oleic acid. 

The acids of this seed oil, except that they contain less ximenynic acid, resemble in composition 
those of the Santalum genus. Like these, they lack the higher homologues of oleic acid which are 
such a feature of the seed oils of the Ximenia genus. 


(j) The Somatic Lipids of Leptomeria aphylla 

Material collected at Huntley, Victoria, was separated into root, stem, and phyllodes, then 
ground and extracted three times with cold acetone for periods of 12 to 16hr. The extracted 
material, soluble in light petroleum, was recovered in the manner described for the extracts of 
X.americanc. The extracts were viscous oils ; that from the root was a red-brown, that from the 
stem a light greenish brown, and that from the phyllodes an intense green colour. The spectrum 
of the enediyne chromophore was dominant in the u.v. spectra of root and stem lipids and the 
corresponding glyceride was estimated there spectroscopically. The deep green extract of the 
phyllodes gave a complex spectrum. This extract was freed of green colouring matter by repeated 


TABLE 3 
EXTRACTION OF SOMATIC LIPIDS 

















Octa- 
= Octa- decene- 
Moisture bees “ Glycerol decene- | Unsaponi- Fatty diynoic 
Extract a : ‘ ‘ es aie 
Component | Content (% dry Yield diynoic fiable Acids Acid in 
(%) basis) (%) Glyceride (%) (%) Fatty 
(%) Acids 
(%) 
Root 4 44 3°7 6-2 29-32 10 86 38 
Wood eal 33 1-9 5-3 18-20 _— _— osae 
Phyllodes .. 16 1-7 2-2 —- 58 36 — 





chromatographic separation on icing sugar using light petroleum as eluate and a deep red-orange 
oil recovered in 75% yield. After saponification the fatty acids from this material were a pale 
yellow. The unsaponifiable matter, which was the greater part of this extract, was a deep red- 
orange in colour and partly crystalline. It showed a typical carotenoid spectrum in the visible 
region with Amax, at 420, 445, and 470 mu. The u.v. spectrum of the acids from this fraction 
showed that both octadecenediynoic and octadecadienynoic acids were present together with 
the dienediynoic acid. Some of the results are shown in. Table 3. 

Attempts to obtain a pure component acid by crystallization were unsuccessful and separation 
by reverse-phase chromatography was necessary. Using 35 and 40% aqueous acetone as eluants 
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it was possible to determine the qualitative composition of the mixture of acetylenic acids present 
and to obtain very small amounts of the “dienediynoic acid in a erystalline but not completely 
pure condition ; it melts above 70°C. At Amax, 236 my the acid showed ¢€ 28,000. Since for 
deca-2,4-diene-6,8-diyne, Bohlmann and Herbst (1958) report Amax. 234 mu (¢ 36 to 39,000) 
the acid was probably of above 80% purity. 
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Summary 


Sugar-cane cuticle wax previously found to consist of long-chain aldehydes, alcohols, 
acids, and hydrocarbons (Lamberton and Redcliffe 1960) has been re-examined by gas 
chromatography to identify and estimate the individual constituents. The aldehydes, 
alcohols, and acids, all straight chain, are principally of even carbon number in each 
instance with the C,, member predominant, but appreciable amounts of odd carbon 
homologues are also present. The hydrocarbons are also of odd and even carbon 
number but with the odd members in greater amounts and n-heptacosane as the major 
hydrocarbon constituent. 


I. INTRODUCTION 

The chemical study of sugar-cane cuticle wax by Lamberton and Redcliffe 
(1959, 1960) has shown that it has an unusual composition and properties : most 
notably it may be distilled under reduced pressure to give a mixture of long-chain 
aldehydes, alcohols, acids, and hydrocarbons. 

The present work is a re-examination of the wax to determine the chain- 
lengths of the constituent compounds and their percentage composition. This 
has been done by first fractionating the wax into the constituent classes of 
compounds. The aldehyde, alcohol, and acid fractions so obtained were reduced 
to the corresponding mixtures of hydrocarbons, and these together with the 
mixture of the natural hydrocarbons were resolved by gas chromatography. 

Sugar-cane wax has long been known to contain alcohols, and there are 
claims in the literature to have established their chain-length. Horn and Matic 
(1957) isolated an alcohol fraction from the unsaponifiable portion of sugar-cane 
wax by distilling the acetylated material in a molecular still, and by further 
fractionation of the alcohol acetates they obtained pure octacosanol, thus 
establishing that octacosanol is the principal alcohol of the wax. Earlier 
Wijnberg (1909) had reported that triacontanol was the main component of the 
wax, but Kreger (1948) concluded from X-ray studies that it was octacosanol. 
Recently Wiedenhof (1959) obtained from the cuticle wax by chromatography 
a fraction amounting to 63 per cent., and from X-ray long spacing measurements 
deduced that this fraction was “a mixture of alcohols with 30 and 28 C atoms 
in the proportion 60:40”. This result was obtained on the cuticle wax of 


* Studies of waxes. XVI. For previous part see Aust. J. Chem. 13: 261 (1960). 
+ Organic Chemistry Section, C.S.I.R.O. Chemical Research Laboratories, Melbourne. 





SUGAR-CANE WAX. II 499 


cultivated sugar cane (Saccharum officinarum): the wax from wild sugar-cane 
(S. spontaneum) was concluded to be more uniform, having mainly C,, alcohol, 
with C,, or a trace of C,, alcohoi. Wiedenhof’s conclusions are obviously based 
on an insufficient chemical examination and are quite misleading. No attention 
was given to the presence in the wax of compounds other than alcohols, it was not 
shown how many alcohols were present in the fractions examined, nor that they 
were free from other constituents. 


II. EXAMINATION OF THE CUYICLE WAX CONSTITUENTS 

(a) Alcohols —Two methods were used to separate the alcohols from the 
distilled cuticle wax. In the first they were freed of aldehydes by separating 
these as their semicarbazones (Lamberton and Redcliffe 1960) and then separated 
from the other non-aldehydic constituents by chromatography on alumina. 
In the second the aldehydes were oxidized to acids as described under Section 
IV (b) and the alcohols again separated by chromatography. The yields from 
the two methods were in good agreement (27 and 25 per cent. respectively) 
and the physical properties of the alcohols were almost identical. 

The alcohols from the first method were then converted to iodides which 
were reduced to the corresponding hydrocarbons with lithium aluminium hydride. 
Gas chromatography analysis of the hydrocarbon mixture gave the percentage 
distribution of chain-lengths in Table 1. A similar distribution pattern was 


TABLE | 
HYDROCARBONS DERIVED FROM SUGAR-CANE CUTICLE-WAX CONSTITUENTS (WT. PER CENT.) 





Alcohols Acids Aldehydes Aldehydes 
Carbon Natural Alcohols (from (from (from (from 
Number Hydro- saponifica- | saponifica- semi- oxidation 
carbons tion) tion) carbazones) to acids) 
14, 15 
16 ; 2-9 L 0-6 
17 4 Trace = | 
is | 1-8 
19 0-2 | _ 
20 0-4 1-2 } _ 
21 0-4 0-5 _— 
22 0-4 1-9 = 
23 0-8 0-6 ‘nip 
24 1-1 0-6 0-6 2°5 0-1 0-4 
25 7-0 0-4 0-2 1-9 0-1 0-3 
26 4-9 15-0 13-1 8-2 6-6 8-1 
27 | 85-7 4-6 2-7 8-0 , a 
28 2-9 72-1 73-0 50-5 66-5 | 65-9 
29 | 12:8 1-7 1-5 2-4 15 | 2-7 
30. 2-2 3-5 6-3 8-1 13-8 =| 10-7 
31 | 4-4 0-9 1-0 1-0 1-0 2-2 
32 | _ 1-2 1-6 4-4 5-3 | 3-9 
33 1-6 1-4 — _ 
34 2-5 3-8 | 3-1 
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obtained by a like treatment of the alcohols obtained from the wax by saponifica- 
tion but these may contain some alcohols derived from the aldehyde by the 
Cannizzaro reaction. 

(b) Aldehydes.—The preferred method for the chain-length analysis of the 
aldehydes was to oxidize them to acids by melting the wax in air, and then to 
separate the acids, which however will also contain the free acids originally 
present in the wax. The oxidation of the wax in air at 110 °C is accompanied 
by the formation of a considerable amount of esters (see Section IV (b)) and it was 
necessary to saponify the oxidized wax to obtain a complete recovery of the acids 
(60 per cent. of the wax). These acids were then converted to the corresponding 
hydrocarbons by the reaction sequence, 

methyl esters—alcohols—>iodides—hydrocarbons. 


The more direct way of converting the aldehydes to hydrocarbons, the Wolff- 
Kishner reduction of the aldehyde semicarbazones, was tried but several attempts 
all gave relatively low yields (35-40 per cent.). However, the analysis of the 
hydrocarbon mixture obtained in this way revealed a closely similar composition 
to that obtained by the oxidation method above (Table 1). The predominant 
aldehyde constituent, which is also the most abundant single compound in the 
wax, is shown to be C,,. This chain-length has been confirmed by isolating 
the C,, hydrocarbon and positively identifying it as n-octacosane. 

(c) Acids.—Because of the labile nature of the aldehydes it was not possible 
to isolate the free acids as such. However the acids obtained by the saponification 
of the wax (15 per cent. yield), as described in Part I of this series, have been 
examined, but these represent both the free acids and some produced from the 
aldehydes during saponification either by the Cannizzaro reaction or by aerial 
oxidation. Their methyl esters have been converted by the reaction sequence 
above to the corresponding mixture of hydrocarbons the composition of which is 
shown in Table 1. 

(d) Hydrocarbons.—The clear-cut separation of the natural hydrocarbons 
of the wax has presented no difficulty. They were obtained in 8-9 per cent. 
yield by chromatography on alumina of the non-acidic components after oxidizing 
the aldehydes to acids. Their composition by gas chromatography is given in 
Table 1. The major component indicated as n-heptacosane was condensed out 
and its identification confirmed by melting point and long X-ray spacing. 


IIT. DIscussION 

The results of the present work and the chemical examination of the wax 
made previously by Lamberton and Redcliffe now presents a very different 
picture of the composition of sugar-cane wax, to that given by the earlier 
investigators. Perhaps the only significant finding in common with these earlier 
works is the unequivocal identification by Horn and Matic (1957) of n-octacosanol 
as the main alcoholic constituent. 

All the constituents of distilled cuticle wax have been shown to be straight- 
chain in character, and the estimated percentages of n-aldehydes, n-alcohols, 
n-acids, and n-paraffin hydrocarbons are given in Table 2. The outstanding 
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feature of the wax is the high content of n-aldehydes. These are estimated as 
50 per cent. but perhaps this figure should be higher for the wax on the plant, as it 
is likely that some oxidation of aldehydes to acids will occur during the extraction 
of the wax. Horn and Matic (1957) reported an acid value of only 2 for a South 
African wax suggesting that their wax had suffered little oxidation during extrac- 
tion. This view that a part of the free acids is derived directly from the aldehydes 
is consistent with the similarity of the acid and aldehyde fractions, each having 
C,, as the major component (Table 1). The shorter chain-length acids however 
probably come from the lipids from a small amount of cellular material introduced 
during the scraping of the wax from the cane. 


TABLE 2 


CONSTITUENTS OF SUGAR-CANE CUTICLE WAX 


Class Weight Class Weight 
(%) (%) 
Aldehydes ee 50 (approx.) Acids .. <b 15 ;* 7-8t 
Alcohols .. “ 25-27 Hydrocarbons . . 8-9 


* Yield from saponification, includes acids produced in Cannizzaro reaction. 
+ Calculated from acid and saponification values assuming average chain- 
length of 28. 


The analysis of the hydrocarbon mixtures has revealed that all the con- 
stituents occur in chain-lengths both of even and odd carbon number. The 
aldehydes, alcohols, and acids are predominantly of even carbon number, each 
with the C,, member as the major component. However, odd chain-lengths 
are present in appreciable amounts, particularly in the acids, where C,, amounts 
to 8 per cent. The presence of odd carbon number fatty acids, although not 
previously reported in plant waxes, is not surprising, as odd-numbered fatty 
acids of shorter chain-length have been identified as minor components of animal 
fats by Shorland and co-workers (Hansen, Shorland, and Cooke 1954 and later 
papers in Biochem. J.), and with the high resolution of the gas chromatographic 
technique are now being detected in lipids from various sources. 

The natural hydrocarbons of the wax are mainly of odd carbon number 
with n-heptacosane (56 per cent.) as the main hydrocarbon constituent, but some 
12 per cent. of even-chain hydrocarbons are also present (C,,, 5 per cent.). The 
occurrence of even-numbered hydrocarbons is in agreement with the earlier 
findings of Wanless, King, and Ritter (1955), who have reported that the paraffin 
fractions of pyrethrum cuticle wax and string bean (Phaseolus aureus) cuticle 
wax both contain even carbon number hydrocarbons to the extent of 10-12 
per cent. More recently, roughly similar proportions of odd- and even-numbered 
hydrocarbons have been detected in the wax from green and fermented tobacco 
leaves (Carruthers and Johnstone 1959). 

In conclusion, the unique character of sugar-cane cuticle wax, previously 
commented on by Lamberton and Redcliffe (1960), is again stressed. Composed 
of polymeric n-aldehydes, n-alcohols, smaller amounts of n-acids, and n-hydro- 
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sxarbons, and no esters, it differs considerably from previously investigated plant 
waxes in which the non-hydrocarbon portion is usually composed of esterified 
long-chain n-acids and n-alcohols. 


IV. EXPERIMENTAL 
(a) General 
As in Part I (Lamberton and Redcliffe 1960). 


(b) Air Oxidation of Distilled Cuticle Wax 


Distilled cuticle wax (90% of the cuticle wax) was oxidized by melting at 110 °C in a flat dish 
exposed to the air. The acid value of the samples removed at intervals increased rapidly at first, 
but finally began to decrease (at 6 hr, acid value 66-0; at 9hr A.V. 64-7). The oxidation was 
effectively complete in 6 hr and no evidence could then be obtained for the presence of unreacted 
aldehydes. The oxidized wax was dissolved in light petroleum and the acids extracted by shaking 
with a dilute solution of potassium hydroxide in aqueous ethanol (cf. Horn and Matic 1957). 
Separation is more easily effected when the solutions are hot, but it is very difficult to obtain 
complete extraction of the acids and the light petroleum layer, after washing free from alkali with 
water, was always found to contain a small residue of unextracted acids. The yield of acids 
under these conditions was approx. 50%. 

The non-acidic material recovered from the light petroleum layer was separated by chromato- 
graphy on weak neutral alumina (activity IV—V) into (i) hydrocarbons (8%), eluted rapidly by 
light petroleum at room temperature ; (ii) a fraction consisting largely of esters (23%), eluted by 
hot light petroleum; and (iii) an alcohol fraction (10%) eluted by toluene. The crude ester 
fraction obtained in this way had a saponification value of 43 and its i.r. spectrum (Nujol) showed 
a strong band at 1730 cm~—! and a weak band at 3300-3400 cm~—' (free alcohols). The ester fraction 
was purified by heating with ethanol, in which the esters are only sparingly soluble, and then 
crystallized from light petroleum to give colourless needles, m.p. 84-5—86 °C (Found: C, 82-1; 
H, 13-7%. For comparison, octacosanyl octacosanoate, C,,H,,.0, has C, 82-4; H, 13-7%). 

When the oxidizea wax (4-12 g) was saponified in the normal way before separating the 
acids, the yield of acids extracted was 57%, and in addition the ‘‘ non-acidic ’’ fraction recovered 
from the light petroleum layer still retained an acid value of 9-5, corresponding to an additional 
7% of acids in this fraction. This indicated an approximate total yield of 60% of acids which 
had an acid value of 128 (calculated acid value for C,, acid, 132). 

The material remaining in the light petroleum layer was chromatographed on weak neutral 
alumina as follows: (i) light petroleum rapidly eluted a hydrocarbon fraction (0-36g; 8-7% 
of the whole oxidized wax), which consisted of a colourless crystalline wax, m.p. 59-61 °C having 
an i.r. spectrum characteristic of long-chain hydrocarbons ; (ii) hot light petroleum slowly eluted 
a small fraction (0-12 g ; 3%) which showed some saturated ketone absorption in its i.r. spectrum 
(weak band at about 1710cm~! in Nujol). This material was readily soluble in cold light 
petroleum, but most of it was insoluble in boiling ethanol. The part insoluble in ethanol was 
dissolved in hot toluene-ethanol and it separated in a somewhat flocculent form on cooling. It 
then melted at 81-84 °C with previous sintering, and showed weak carbonyl] absorption at 1705 em-! 
(Found: C, 83-3; H, 14:0%). (iii) Toluene then eluted the alcohol fraction (1-04 g, 25-2%) 
which crystallized in well-defined colourless plates, m.p. 82-84 °C and had an i.r. spectrum 
characteristic of a long-chain primary alcohol. 


(c) Preparation of Hydrocarbons for Gas Chromatography 

(i) From Alcohols.—The alcohols were isolated both from oxidized wax (25% yield) as 
described in (6), and in 27% yield from distilled wax after separating the aldehydes as semi- 
carbazones, as in Part I of this series. Conversion of the alcohols into iodides was carried out by a 
method similar to that of Smith (1932). Working with a 0-3 g sample of alcohols it was found that 
better yields were obtained (a) by carrying out the reaction with red phosphorus and iodine at a 
lower temperature (100-110 °C) so that less iodine was lost by sublimation, and (b) by adding a 
further amount of iodine (10-20% of the calculated amount) after heating for half an hour. As 
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the amount of material involved was small the total reaction product was extracted with warm 
light petroleum, the solution poured onto 4 short column of alumina, and the column washed with 
more light petroleum. Evaporation of the light petroleum solution gave the iodides in 90% 
yield. They were reduced to the paraffins by dissolving them on the scale of 0-15 g per 100 ml 
of dry ether, adding lithium aluminium hydride in excess, and refluxing for 6 hr. 


The resulting 
colourless crystalline hydrocarbons melted at 60—61-5 °C. 


(ii) From Aldehydes.—The acids obtained from oxidized sugar-cane wax as in (b) were 
converted into their methyl esters (methanol, benzene, sulphuric acid) and these were reduced to a 
mixture of alcohols with lithium aluminium hydride in ether. The yields were almost quantitative. 
The alcohols were then converted into hydrocarbons, as above ((c) (i)), and then melted at 
60—61-5 °C. 

Alternatively the semicarbazones, described in Part I, were reduced by the Wolff-Kishner 
method. The semicarbazones (1-0 g) and an excess of hydrazine were added to diethylene glycol 
(50 ml) in which sodium (1-0 g) had been dissolved. After heating at 180 °C for 7 hr the product 
was extracted with light petroleum and the solution passed through a short column of alumina. 
This gave a colourless mixture of hydrocarbons, m.p. 60—61-5 °C, yield 35-40%. 

iii) From Acids Obtained by Saponification of Cuticle Wax.—The acids obtained by saponi- 
fying cuticle wax (see Part I) were converted into hydrocarbons using the methods described 
above ((c) (ii)). 














1 
re) 10 20 30 40 bo @] 60 70 MIN 


Fig. 1.—Chromatogram of the hydrocarbons derived from the acids 


(by saponification) 
of sugar-cane cuticle wax. Column temperature, 270°C; flow 


rate, 29-8ml/min 
(600 mm pressure); charge, 1 wl. 


(d) Gas Chromatographic Technique 
(i) Appcratus.—The columns were heated in an air-bath, well stirred by 
and the temperature controlled to 0-5 °C. The detector maintained at 280 °C 
of the Martin and James gas density meter (Murray 1959). 


a high speed fan, 
Was a new design 
The charges were introduced by } in. 
diameter stainless-steel rod probes with detachable calibrated tips of hypodermic tubing, and were 
inserted through a valve into the preheater maintained at 310 °C. 

The column used in this work was of copper tubing 8 ft in length and 0-17 in. bore, and was 
coiled after packing. The stationary phase (10% by weight of the packing) was “ Silicone 
Elastomer E 301” (Griffin and George Ltd., London) which was supported on Celite 545 (60-85 
mesh). A similar colurmn was used in the reference circuit. 


(ii) Conditions.—The chromatograms were run at a constant temperature of 270 °C with a 
nitrogen flow rate of 29-8 ml/min (600 mm pressure) using charges of 1 wl. 


A representative 
chromatogram is shown in Figure 1. 


An homologous series of n-hydrocarbons of even carbon 
number C,,-C,, was run as a reference. 
i 
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(iii) Identification of Hydrocarbons.—By direct comparison with the reference and by plotting 
the retention times (from the air peak) against carbon number, every hydrocarbon peak in the 
six mixtures was found to correspond in retention time with that of a n-hydrocarbon. 

Further unequivocal evidence for the straight-chain character of the hydrocarbons was 
obtained by condensing out at the density meter outlet the main component of the natural hydro- 
carbon mixture (C,,;) and that of the mixture derived from the aldehydes. Four runs on each 
mixture with a charge of 2-5 wl. provided more than enough material for determination of melting 
point and long X-ray crystal spacing. 

The melting points made on a precision melting point apparatus, and the X-ray spacings, 
determined by Dr. J. Fridrichsons of the Division of Chemical Physics, C.S.I.R.O., are given in 
Table 3 with literature values (Piper et al. 1931) for pure n-heptacosane and n-octacosane. 


TABLE 3 
MAIN CONSTITUENT HYDROCARBONS 





Melting Point (°C) Long X-Ray Spacing (A) 

Found Literature Found Literature 
Ca, 58-8-59-0 59-0-59-1 36-4 36-38 (A form) 
Cus 61-2-61-6 61-4-61-5 33-4 33-25 (C form) 





The observed X-ray spacings agree with the findings of Piper et al. (1931) that n-hydrocarbons 
of odd-carbon number crystallize only in the A form, while the C form is the stable one for pure 
hydrocarbons of even carbon number C,, and above. The large number of orders observed in 
the X-ray pattern indicated that the samples were of considerable purity. The above clearly 
establishes that the major natural hydrocarbon is n-heptacosane and the major component of 
the mixture from the aldehydes is n-octacosane. 

Finally all the constituents of the wax have been shown to be straight-chain in character 
by the retention of the natural hydrocarbons and the derived hydrocarbon mixtures on a column 
packed with Linde Molecular Sieve 5A. This column had previously been prepared to differentiate 
between straight-chain and singly-branched hydrocarbons derived from wool wax (Downing, 
Kranz, and Murray 1960). 

In the present work a reference sample of singly-branched hydrocarbons (C,,—C,,) was first 
chromatographed and none of the hydrocarbons was retained by the sieve column. A sample of 
straight-chain hydrocarbons (C,,-C;,) was then introduced and was totally absorbed. The 
hydrocarbon mixtures from the wax were then examined and were likewise completely absorbed. 
The two test mixtures were again put through to ensure that no change in activity of the sieve 
column had occurred. 

(iv) Quantitative Estimation.—The completeness of elution was checked by running chromato- 
grams under conditions (longer times and higher temperatures) which would have indicated the 
presence of C,; and C;,, but in all samples these were not detected. The possibility of there being 
material of even higher carbon number which would not elute under the conditions used was 
checked as follows. By weighing the detachable tip of the probe before and after injection, 
charges of known weight of pure octacosane and of the mixtures were chromatographed and a 
comparison of the total peak areas showed conclusively that elution was complete. 

Determination of the quantitative composition of the mixtures was made as described by 
Downing, Kranz, and Murray (1960). The results are given in Table 1. 
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THE TRITERPENOID CONSTITUENTS OF THE HONG KONG 
ERICACEAE 


By H. R. Artuur,* S. W. TAm,* and (in part) VicnirTR ANGSUSINGHT 
[Manuscript received May 31, 1960] 


Summary 
«-Amyrin, lupeol, and a new triterpene alcohol, simiarol, have been isolated from 
the leaves of Rhododendron simiarum; «-amyrin, $-amyrin, and lupeol have been 
isolated from the leaves of R. westlandii; and epifriedelanol has been isolated from 
the leaves of R. championae. This paper completes the chemical survey for triterpenoid 
and flavonoid compounds of the endemic species of the family Ericaceae of Hong Kong. 


I. INTRODUCTION 

The leaves of Rhododendron championae have been found to contain epi- 
friedelanol ; those of R. simiarum, «-amyrin, lupeol, and a new triterpene alcohol, 
simiarol, the chemistry of which will be presented separately ; and those of 
R. westlandii, «-amyrin, 8-amyrin, and lupeol. This work completes the chemical 
survey of the endemic species of the family Ericaceae of Hong Kong for tri- 
terpenoid and flavonoid compounds, and the distribution of these compounds 
is shown in Table 1. 

The triterpene alcohol mixtures from R. simiarum and R. westlandii could be 
satisfactorily separated only after the mixtures were converted into derivatives 
and elaborate physical methods of separation then applied. Thus lupeol and 
a-amyrin were identified as the benzoates, the acetates, and the oximes of the 
corresponding ketones, and «-amyrin was also isolated as the monobromo-«- 
amyrenone. $-Amyrin was obtained as the acetate and benzoate. epiFriedelanol 
and simiarol were isolated without undue difficulty. 


II. EXPERIMENTAL 

Analyses were by Dr. Zimmermann, C.S.I.R.O. and University of Melbourne Microanalytical 
Laboratory. Infra-red spectra were taken in Nujol on a Perkin-Elmer Model 137 Infracord 
infra-red spectrophotometer. Except where otherwise stated, the alumina used for chromato- 
graphy was B.D.H. analysis grade ; light petroleum refers to the fraction b.p. 60-80 °C ; melting 
points were taken on a Kofler block ; specific rotations were determined in chloroform. 

(a) Rhododendron championae.—(i) Extraction. Air-dried leaves (0-66 kg) were extracted 
with ether (4 1.) for 7 days at room temperature. The extract was concentrated to 1 1. and shaken 
several times with aqueous 2N NaOH (to remove insoluble sodium ursolate), washed with water, 
dried, then distilled to dryness. A crystalline residue was obtained. 

(ii) epiFriedelanol. The residue from (a) (i), on reerystallization from chloroform, separated 
as hexagonal plates (0-28 g) of epifriedelanol, m.p. 264-267 °C, m.j. 277-278 °C (vac.) (gas-heated 
copper block) [a]p +17-7° (Found: C, 84-0; H, 12-2%. Cale. for C,H,,0: C, 84-0; 
H, 12-2%). 


* Department of Chemistry, University of Hong Kong. 
+ Department of Chemistry, University of Hong Kong; present address: Customs Depart- 
ent, Bangkok. 
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TABLE 1 
TRITERPENOID AND FLAVONOIIS CONSTITUENTS OF THE HONG KONG ERICACAE 











Plant Species Chemical Constituents Authors 
Rhododendron championae Ursolie acid Arthur and Hui (19546) 
epiFriedelanol Arthur and Tam (1960); present 
work 
R. farrerae os .. | Ursolic acid Arthur and Hui (19545) 
Cerin Arthur, Lee, and Ma (1956) 
Farrerol Arthur (1955) 
R. simiarum ia .. | Ursolie acid Arthur and Hui (19546) 
a«-Amyrin, lupeol, simiarol Arthur and Tam (1960); present 
work 
Aromadendrin, quercetin Arthur and Tam (1960) 
R. simsii .. “s .. | Ursolie acid Arthur and Hui (1954a) 
Matteucinol Arthur and Hui (1954a) 
Matteucinin Arthur and Tam (1960) 
R. westlandii ae e Ursolic acid Arthur and Hui (19546) 
epiFriedelanol, friedelin Arthur, Lee, and Ma (1956) 
An epoxyglutinane Arthur and Hui (1960) 
a- and §8-amyrin, lupeol Arthur and Tam (1960); present 
work 
Myricetin, quercetin Arthur and Tam (1960) 
Erkianthus quinqueflorus Ursolic acid Arthur and Hui (19546) 
Quercetin Arthur and Tam (1960) 


(iii) epiFriedelanyl Acetate.—This was prepared with acetic anhydride and pyridine. It 
crystallized from benzene as plates, m.p. 287 °C, [a]p +45-8° (Found: C, 81-3; H, 11-4%. 
Calc. for C,.H;,0,: C, 81-6; H, 11-6%). It did not depress the n..p. of authentic epifriedelany] 
acetate. 

(6) Rhododendron simiarum.—(i) Extraction. Chopped air-dried leaves (3-3kg) were 
extracted with light petroleum (2x 201.) at room temperature for 7 days. The extract was 
concentrated to 11. then left for 12hr. The crystalline deposit was collected and applied, in 
light petroleum solution, to a column of alumina (1-6kg). Elution with benzene (141.) gave a 
product (3-5 g) which after crystallization from benzene separated as colourless needles of simiarol, 
m.p. 204-205 °C (vac.) (gas-heated copper block) [a]p +52-2° (Found: C, 84-8; H, 11-7%. 
Cale. for C5,H,,0: C, 84-4; H, 11-8%). (The chemistry of simiarol, a new triterpene alcohol, 
will be presented separately.) Continued elution with benzene (36 1.) gave fraction A (7-7 g), 
a colourless solid, fractions which had m.p. 150-165 °C and [a]p +50 to +61°. This mixture was 
chromatographed again over alumina but no changes in its properties were found. Paper 
chromatography of a sample on alumina-treated paper (Block, Durrum, and Zweig 1955) and on 
silicone-treated paper (Hashimoto and Chatani 1959) showed only a single spot with R,, value 
identical with that of B-amyrin (which was run in a parallel experiment). 


(ii) a-Amyrenyl Acetate.—To fraction A (2-0 g) in acetic anhydride (35 ml) was added pyridine 
(2 ml) and the mixture was boiled under reflux for 7 hr. The mixed acetates were collected in 
the usual way, dissolved in light petroleum, and applied to a column of alumina (160g). Elution 
with light petroleum gave 10 fractions (100 ml each) the first of which hed m.p. 159-194 °C. The 
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m.p.’s of intermediate fractions rose steadily to that of the 10th fraction, which had m.p. 
196-200 °C. Fractions 1 and 2 were combined and fractionally recrystallized. The more soluble 
material was isolated, and after three recrystallizations from acetone—methanol, separated as 
colourless leaflets of «-amyrenyl acetate, m.p. 220-223 °C, [a]p +87-1° (c, 1-28) (Found: C, 81-8; 
H, 10-8%. Calc. for C,,H;,0,: C, 82-0; H, 11-2%). 

(iii) Lupenyl Acetate. Fractions 7-10 were combined, and, after six recrystallizations from 
acetone—methanol, separated as needles of lupenyl acetate, m.p. and mixed m.p. 218-220 °C, 
{a]p +43-7° (c, 1-0) (Found: C, 81-7; H, 10-9%. Calc. for C;,H,;,0,: C, 82-0; H, 11-2%). 
The infra-red spectrum was identical with that of an authentic sample. 

(iv) a-Amyrenyl Benzoate-—Fraction A (3-0 g) was benzoylated as stated for the benzoylation 
of fraction B in (c) (iii). The crude benzoates were dissolved in light petroleum and applied to a 
column of alumina (250g). Elution with light petroleum gave 12 fractions (100 ml each). 
Fraction 1 had m.p. 176-208 °C and the m.p. of the fractions rose steadily to that of the 12th, 
which had m.p. 238-250 °C. Fractions 1-4 were combined and fractionally recrystallized. The 
more-soluble material was isolated and, after three recrystallizations from benzene—ethanol, 
separated as needles of «-amyrenyl benzoate, m.p. and mixed m.p. 195-197 °C, [a]p +80-3° 
(c, 0-97) separated (Found: C, 84-4; H, 10-1%. Cale. for C,,H;,0,: C, 83-7; H, 10-3%). 
The infra-red spectrum was identical with that of an authentic sample. 

(v) Lupenyl Benzoate. Chromatographic fractions 9-12 from (b) (iv) were combined and 
recrystallized five times from benzene-ethanol. Glistening plates of lupenyl benzoate, m.p. 
263-266 °C, [a]p +59-6° (c, 1-37) separated (Found: C, 84:1; H, 10-2%. Cale. for C,,H,,0,: 
C, 83:7; H, 10-3%). 

(vi) «-Amyrenone Oxime. To a solution of fraction A (2-5 g) in stabilized acetone (500 ml) 
was added chromic acid (1-84 ml) from a solution made by dissolving chromic anhydride (11-3 g) 
in aqueous H,SO, (50 ml). After ocer..ional stirring of the solution during 20 min, it was diluted 
with water, and then extracted with chloroform. Distillation of the chloroform left a light yellow 
oil which remained an oil after filtration through alumina. To this oil was added methanol (100 ml) 
and hydroxylamine hydrochloride (3 g) and sodium acetate (3 g) in water (5 ml) and the mixture 
was boiled under reflux for 6 hr. The product, isolated in the usual way, was fractionally recrystal- 
lized from chloroform. The more-soluble fraction was obtained as needles of «-amyrenone oxime, 
m.p. 231-232 °C. 

(vii) Lupenone Oxime. The less-soluble fraction from the recrystallization of the mixed 
oximes in (b) (vi) was obtained, after six recrystallizations from chloroform—methanol, as long 
needles of lupenone oxime, m.p. 265-267 °C (decomp.), [a]p + 25-2° (c, 0-83) (Found: C, 81-7; 
H, 11-4; N, 3-3%. Calc. for C,.H,ON: C, 81-9; H, 11-2; N, 3-2%). 

(c) Rhododendron westlandii.—(i) Extraction. Air-dried leaves (6kg) were extracted as 
stated earlier (Arthur and Hui 1960). After removal of epifriedelanol by crystallization, the light 
petroleum-extract was chromatographed on alumina (2 kg) (Spence—grade O). Elution with 
light petroleum gave a waxy substance, followed by the epoxyglutinane (5-0 g). Elution with 
benzene-light petroleum (1 : 4) gave friedelin (6-1 g) and this was followed, on elution with benzene, 
by a mixture (15 g) of triterpene alcohols (fraction B). Air-dried leaves (11 kg) were extracted as 
stated earlier (Arthur, Lee, and Ma 1956). epiFriedelanol was removed from the light petroleum- 
extract by crystallization. The extract was then chromatographed on alumina. Elution with 
light petroleum—benzene removed the epoxyglutinane and friedelin, then elution with benzene 
gave a mixture (27 g) of triterpene alcohols (fraction C), m.p. 150-170 °C, [a]p +60 to +70°. 

(ii) B-Amyrin. Fraction C (6 g) was boiled under reflux with acetic anhydride (10 ml) and 
pyridine (10 ml) for 3 hr. The semicrystalline product (2-5 g) (m.p. 223-228 °C), which separated, 
was collected, dried, then filtered through alumina in acetone solution, and finally subjected to 
fractional recrystallization from acetone on a triangular scheme. The less-soluble fraction 
separated from acetone as plates (0-15 g) of B-amyrenyl acetate, m.p. 234-235 °C, [a]p +98-4° 
(c, 0-22) (Found: C, 82-3; H, 11-2; M, 462. Calc. for C,,H,,0,: C, 82-0; H, 11-29%; M, 469). 
This acetate (0-15 g) was boiled under reflux with ethanol (300 ml), KOH (0-3 g), and water 
{1 ml) for 5hr. Concentration of the solution, followed by dilution with water, gave a precipitate 
which on crystallization from acetone separated as fine needles, m.p. 191-193 °C. Recrystalliza- 
tion from methoxyethanol gave B-amyrin m.p. 192-194 °C, [a]p +90-0° (c, 0-82). 
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(iii) a- and B-Amyrenyl Benzoates. Fraction B (3-0 g) was dissolved in pyridine (15 ml) 
and benzoyl chloride (5 ml) was added. The mixture was heated on the steam-bath for 4 hr and 
then left for 12 hr. The crude benzoates, isolated in the usual manner, were chromatographed 
over alumina (250g). Elution with light petroleum gave 26 fractions (50 ml each) which steadily 
rose in m.p. from 169-181 °C (fraction 1) to 234~246 °C (fraction 26). Fractions 1-7 were combined 
and fractionally recrystallized from benzene-ethanol. The less-soluble material was obtained 
after seven operations as rectangular plates of 8-amyrenyl benzoate, m.p. 230-232 °C, alone or in 
admixture with an authentic sample. The material which was more soluble in benzene—ethanol, 
after three crystallizations from this solvent, separated as long needles of «-amyrenyl benzoate, 
ra.p. 193-196 °C, alone or in admixture with an authentic sample. Each product was alsc identified 
by reference to its infra-red absorption spectrum. 

(iv) Bromo-a-amyrenone. Fraction B (1-0 g) in chloroform (7-5 ml) and acetic acid (7-5 ml) 
was treated as stated for the oxidation of the steroid mixture (Ives and O’Neill 1958). The yellow 
oil obtained after the chromic acid treatment was dissolved in acetone and the solution was boiled 
under reflux with sodium iodide (1-7 g) for 3 hr, and then diluted with benzene, washed with 
aqueous sodium thiosulphate, water, and then dried and distilled. The residue in benzene solution 
was filtered through alumina, then recrystallized from benzene. Needles of bromo-x-amyrenone, 
m.p. 184-186 °C, separated (Found: C, 71-5; H,9-3; Br, 16-4%; M,524. Calc. for C,,H,,OBr: 
C, 71-6; H, 9-4; Br, 15-9%; M, 504). 

(v) Lupenyl Benzoate. Fractions 19-26 from the chromatographic separation of the benzoates 
of fraction B in (c) (iii) were combined and recrystallized six times from benzene-ethanol. 
Glistening plates of lupenyl benzoate, m.p. 264-266 °C, alone or in admixture with an authentic 
sample, separated. This compound was also identified by reference to its infra-red spectrum. 
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AN EXAMINATION OF THE RUTACEAE OF HONG KONG 
VI. GRAVEOLINE, A NEW ALKALOID FROM RUTA GRAVEOLENS* 
By H. R. ArtTHury and H. T. CHEUNGt 
[Manuscript received August 1, 1960] 


Summary 
A new alkaloid, graveoline, C,,H,,0,;N, has been isolated in 0-002 per cent yield 
with kokusaginine and skimmianine from Ruta graveolens. Evidence is cited which 
suggests that graveoline is a 1-methyl-methylenedioxyphenyl-4-quinolone (see note 
added in proof), 


I. INTRODUCTION 

t is occasionally noted that the same plant species grown in different localities 
is reported to have different chemical constituents. We wish, however, to confirm 
that the Hong Kong medicinal herb, Ruta graveolens, contains kokusaginine and 
skimmianine which were reported (Ohta and Miyazaki 1958) to occur in the 
Japanese plant and recently confirmed (Ohta et al. 1960) to be present in 
0-01 per cent. yield with bergapten. We have found in low yield (0-002%) 
a third alkaloid now called graveoline which these authors do not mention and 
which appears to be new. 

Graveoline, which has been characterized as the hydrochloride, contains 
one methylenedioxy- and one methylimino-group. That the compound is 
colourless, and analyses for C,,H,,0,N, suggests that it is not an acridone 
derivative. Its ultraviolet absorption spectrum, unlike those of acridone (Albert 
and Short 1945) and N-methylacridone (Nitzsche 1944) and those of the furo- 
quinoline alkaloids which occur with it, resembles those of 4-quinolones and 
1-methyl-4-quinolones as shown in Table 1. It is suggested therefore that 
graveoline may be a 1-methyl-methylenedioxyphenyl-4-quinolone and thus is 
possibly related to 1-methyl-2-phenyl-7-methoxy-4-quinolone isolated (Johnstone, 
Price, and Todd 1958) from Lunasia quercifolia, and to lunamarine isolated 
(Goodwin et al. 1959) from L. amara, plants also of the family Rutaceae. The 
infra-red spectrum of graveoline shows absorption at 6-16, 6-24, and 6-35 yu, 
which suggests the presence of a 4-quinolone rather than a 2-quinolone system 
(Witkop, Patrick, Rosenblum 1951). The following assignments have tentatively 
been made: 6-16s, 4-quinolone; 6-24s, aromatic C=C; 6-35m, aromatic 
conjugated C=C; 6-70s, aromatic C=C; 11-29w, 1,2,4-substitution ; 11-88s, 


* For Part V of this series see Arthur, H. R., and Lee, C. M. (1960).—/. Chem. Soc. 1960: 
4654, 

+ Department of Chemistry, University of Hong Kong. 

{ Department of Chemistry, University of Hong Kong; present address: Department of 
Chemistry, Imperial College of Science and Technology, London, 8.W.7. 
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1,2,4-substitution ; 13-32s (u), 1,2-substitution. And it is probable therefore 
that a 3,4-substituted methylenedioxy group is present in the phenyl ring of a 
phenyl-4-quinolone system as is so in lunamarine.* 

Kokusaginine and skimmianine had been identified int the Hong Kong 
plant before the Japanese report was encountered ; and work here has subse- 
quently been held in abeyance owing to the poor yield of the third alkaloid. 
Syntheses of methylenedioxy substituted 1-methyl-phenyl-4-quinolones are 
being attempted to help elucidate the structure of graveoline. 


II. EXPERIMENTAL 

Microanalyses were made by Dr. K. W. Zimmermann, C.S.1.R.O. and University of Melbourne 
Microanalytical Laboratory. Unless otherwise stated melting points were taken on a Kofler 
block. Infra-red spectra were taken in Nujol on a Perkin-Elmer Infracord (Model 137) spectro- 
photometer. Ultraviolet spectra were taken in ethanol on a Unicam SP 500 Instrument. 

(a) Extraction of Alkaloids.—The fresh herb (3 kg), collected in November, was extracted 
with cold 95% ethanol for 4 days. The residue, obtained on removal of the solvent from the 
extract by means of a long-tube evaporator (Bartholomew 1949), was allowed to distribute between 
chloroform (11.) and 5% aqueous ammonia (750 ml). 

(b) Kokusaginine.—The washed chloroform layer from (a) was shaken with small portions of 
2n HCl. The first portions (21.) of the acid solution were combined, made alkaline with NH;, 
and then extracted with chloroform. The chloroform solution on evaporation yielded a black oil, 
as residue, from which crystals and an amorphous solid deposited. The residue was washed 
with ether and the crystals which remained separated after recrystallization from ethanol as 
colourless needles of kokusaginine (0-1 g), m.p. 170-5 °C (Found: C, 64-9; H, 5-2; N, 5-3; 
OMe, 35:5%; M, 280. Calc. for C,,H,,0O,N: C, 64:8; H, 5-1; N, 5-4; 30Me, 35-8%; 
M, 259). The infra-red spectrum (taken by courtesy of Dr. J. R. Price) was found to be identical 
with that of authentic kokusaginine. 

(c) Skimmianine.—The last portions (2 1.) of the acid extract from (b), on basification and 
extraction with chloroform, similarly yielded crystalline and non-crystalline alkaloids. The 
former, after crystallization from ethanol, was obtained as a mixture of colourless and yellow 
crystals. Recrystallization of this mixture gave pale yellow rods of skimmianine (15 mg) which 
after further recrystallization from ethanol had m.p. 176-178 °C (Found: C, 65-5; H, 5-0; 
N, 5:5%. Cale. for C,,H,,0,N: C, 64:8; H, 5-1; N, 5:4%). A sample in admixture with 
authentic skimmianine (m.p. 176-178 °C) had m.p. 175-177°C. The colour reactions with 
cone. H,SO,, conc. HNO ;, Fréhde’s reagent, and Mandelin’s reagent, were identical with those 
given by authentic skimmianine. The ultraviolet spectrum was identical with that of authentic 
skimmianine kindly supplied by Dr. J. R. Price. 

(d) Graveoline.—The ethanolic mother-liquors obtained in (c) from the separation of skim- 
mianine, yielded minute colourless needles of graveoiine (50 mg), m.p. 205-205-5 °C, cad 0-0° 
(c. 0-52 in ethanol) ; Amax, in ethanol (log ¢) 335 (4-22), 322 (4-21), 245 my (4°51). Infra-red 
absorption: 6-16s, 6:24s, 6-35m, 6-70s, 8:00s, 10-78m, 11-29w, 11-88s, 12-22s, 13-32s yu 
(Found: C, 72:9, 72-6; H, 4-8, 4:7; N, 4:9, 5-3; NMe, 5-0; OMe, 0-4%; M, 328. Calc. 
for C,,H,,0,N : C, 73:1; H, 4-7; N, 5:0; LNMe, 5-4%; M, 279). This compound gave a 
deep blue colour when warmed with gallic acid and cone, H,SO,. Its ethanolic solution had a 
pale blue fluorescence in ultraviolet light. 

(2) Graveoline Hydrochloride.—The combined non-crystalline alkaloid mixtures from (6) and (c) 
were stirred with 2n HCl (10 ml). The green solid which was precipitated, was collected and 


* Note added in proof.—This has been confirmed ; graveoline is 1-methyl-2-(3’,4’-methylene- 
dioxy)phenyl]-4-quinolone since it is identical (mixed m.p. and infra-red spectrum) with an authentic 
sample kindly sent to us by Dr. 8. Goodwin, who previously prepared the compound but who has 
not published her results. Ours is the first isolation of the compound from a natural source. 


+ See M.Sc. thesis submitted in February 1959 by H.T.C. to the University of Hong Kong. 
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recrystallized twice from ethanol. Colourless needles (30 mg) of graveoline hydrochloride, m.p. 
240-241 °C (uncorr.; decomp.) (gas heated copper-block) (Found: C, 64-8; H, 4-5%. Cale. 
for C,,H,,0;N.HCl: C, 64-7; H, 4-5%), separated. The hydrochloride was converted into the 
free base, which separated from ethanol as colourless needles. 
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THE CHEMISTRY OF ANTS 


IV. TERPENOID CONSTITUENTS OF SOME DOLICHODERUS AND IRIDOMYRMEX 
SPECIES 


By G. W. K. CAviILL* and HERTHA HINTERBERGER* 
[Manuscript received July 4, 1960] 


Summary 


Terpenoid constituents have been isolated from the following Dolichoderus and 
Iridomyrmex ants. Dolichodial, @ novel dicarbonyl compound (C,)H,,0,), has been 
extracted from D. acanthoclinea clarki (Wheeler), and D. acanthoclinea dentata (Forel). 
It has also been obtained from J. myrmecodiae (Emery). The known compounds, 
methylheptenone and iridodial, have been isolated from J. nitidiceps (Andre). 

D. diceratoclinea scabridus (Roger) yields (i) methylheptenone and iridodial, or 
(ii) isoiridomyrmecin, or (iii) dolichodial, dependent on the ant colony. Such variations 
in the nature of the chemical secretion of different colonies of ants, which are 
taxonomically indistinguishable, have not previously been reported. Similarly, J. 
rufoniger (Lowne) yields (i) methylheptenone and iridodial, or (ii) dolichodial. 


I. INTRODUCTION 
The isolation of terpenoid constituents from various iridomyrmex species 
of ants was described in Part I of this series (Cavill, Ford, and Locksley 1956). 
Since then, the structure and reactions of these cyclopentanoid monoterpenes, 
iridomyrmecin (I), tsoiridomyrmecin (It), and iridodial (IIT), have been considered 
in more detail and their stereochemistry elucidated (for a review, see Cavill 1960). 
An investigation of the extractives of some additional Dolichoderine ant species 
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II. ISOLATION AND CHARACTERIZATION OF THE CONSTITUENTS OF SOME 
DOLICHODERUS SPECIES 
Dolichoderus acanthoclinea clarki (Wheeler) is not a very common Australian 
ant, but a sufficient quantity of this species has been collected in the Royal 
National Park, and the Kuringai Chase, near Sydney. Solvent extraction of 
the whole ants with light petroleum (cf. Part I, loc. cit.), then distillation under 
reduced pressure, gave a volatile oil. The yields of this extractive show a 
seasonal variation, as illustrated in Table 1. 


TABLE 1 
EXTRACTIVES OF DOLICHODERUS ACANTHOCLINEA CLARKI 





Distillate 
Quantity 
Location Season of Ants . Percentage 
Yield : 
(g) (g) of Body 
Weight 
Spring 
Royal National Park September 282 1-05* ) 
September 96 0-54 
Kuringai Chase at October 376 ¢- 85 
Royal National Park Novembe1 215 0-31 \ 0-31 
November 470 1-28 
November 210 0-87 
November 141 0-64 J 
Summer 
Royal National Park December 431 0-67 > 
December 340 0-93 
January 468 0-92 
Kuringai Chase ; January 146 0-38 > 0-20 
January 740 1-14 
February 173 0-25 
Royal National Park February 252 0-70 J 
Autumn 
Kuringai Chase ss March 412 0-43 > 
April 124 0-10 [ 
April 400 0-63 / 0-14 
April 200 0-16 
April 400 0-81 J 
Winter 
Kuringai Chase ie June 228 Tracet 
August 910 1-04t \ 0-11 
Royal National Park August 670 0-92t J 


* No acidic products were obtained from the crude extracts, collected during the 
10nths September to April. 
+ Not examined for acidic constituents. 


t Acidic products 2-0 and 0-4 g, respectively, were also obtaineu. 


The major constituent, dolichodial, which is obtained in good yield during 
the spring and summer months, is a pale yellow lachrymatory oil. It darkens 
further on storage, even in an inert atmosphere. Dolichodial has been 
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characterized by the formation of two bis-derivatives, B and C, on treatment 
with 2,4-dinitrophenylhydrazine sulphate solution. An accurate analysis of the 
parent compound has not been possible, but on the basis of a C,,H,.N,O, 
formulation for the above derivatives, it has been assigned a C,)H,,O, structure. 
Derivative B, m.p. 177 °C, which is yellow, is converted into the red compound, 
derivative C, m.p. 242 °C, by the action of mineral acid. 

The distillate from ants collected during the spring and early summer 
months also contains a small proportion of a second carbonyl compound, isolated 
as an orange 2,4-dinitrophenylhydrazone, derivative A, m.p. 130-131 °C. This 
derivative, C,,H,,N,O,, is readily separated from the bis-derivatives of dolichodial 
by chromatography on alumina. The fat fraction which remains after distillation 
has not yet been investigated. The forerunnings from the distillation of 
dolichodial contain a trace of a C, carbonyl compound, isolated as its orange 
2,4-dinitrophenylhydrazone, derivative E, C,,H,,N,O,, m.p. 57 °C. 

Ants collected during the winter months gave a smaller yield of dolichodial. 
In addition, they contained an oxo-acid, isolated on treatment of the crude 
extract with sodium hydrogen carbonate solution, and characterized as a yellow 
2,4-dinitrophenylhydrazone, derivative D, C,,H,,N,0,, m.p. 170 °C. Derivative D 
is soluble in sodium hydrogen carbonate solution. 

D. acanthoclinea dentata (Forel) was collected at Colo Vale, N.S.W., and at 
Brindabella, A.C.T. Distillation of a light petroleum extract yielded dolichodial, 
again characterized as the bis-derivatives, B and C. 

Two varieties of D. diceratoclinea scabridus (Roger), of which the first has 
black, and the second red, legs, have been collected near Sydney. (i) A colony 
of the ‘“ red-legged ” variety, collected in Bago Forest, N.S.W., and extracted 
as described above, gave 2-methylhept-2-en-6-one and iridodial (III). These 
products were characterized as their 2,4-dinitrophenylhy drazones, the derivatives 
being identical with authentic specimens from J. detectus (Cavill, Ford, and 
Locksley 1956). (ii) A second colony of the ‘‘ red-legged ”’ variety, collected in 
the Hawkesbury River district, N.S.W., yielded isoiridomyrmecin (II), identical 
with an authentic specimen from J. nitidus (Cavill and Locksley 1957). (iii) A 
colony of the ‘* black-legged ’’ variety, collected in the Royal National Park, 
gave dolichodial, identified as derivatives B and C. 

Such variations in the nature of the chemical extractives obtained from 
different colonies of ants, which are taxonomically indistinguishable, have not 
previously been reported. 


III. ISOLATION AND CHARACTERIZATION OF THE CONSTITUENTS OF SOME 
ADDITIONAL IRIDOMYRMEX SPECIES 

Iridomyrmex rufoniger (Lowne) is a common Australian ant. One colony, 
collected at Bank.town, N.S.W., gave 2-methylhept-2-en-6-one and iridodial, 
identified as their 2,4-dinitrophenylhydrazones. A second colony which was 
located near the first, yielded dolichodial, characterized as derivatives B and C. 
Ants from each of these nests of I. rufoniger were collected on baits of raw meat, 
and it was noted that baits laid in the vicinity of the nest entrance of the colony 
yielding methylheptenone and iridodial were soon invaded by the larger meat 
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ant, I. detectus, which also secretes methylheptenone and iridodial. Baits laid 
near the nest entrance of the colony yielding dolichodial were not invaded. 
These compounds may be employed in the laying of odour-trails (cf. Cavill and 
Ford 1953). A variation in the extractives of I. rufoniger, identical to that 
observed at Bankstown, has been noted for two colonies of this species, at Cronulla, 
N.S.W., the nests being within fifty feet of each other. 

Finally, 1. nitidiceps (Andre), collected at Bago Forest, N.S.W., yields 
methylheptenone and iridodial, and I. myrmecodiae (Emery), collected at Honiara, 
British Solomon Is., yieids dolichodial, characterized as derivatives B and C. 
These structurally related terpenoid constituents—I, II, ITI, and dolichodial*— 
have now been reported from a wide range of the Dolichoderinae (cf. Cavill 1960). 


IV. EXPERIMENTAL 

Melting points are uncorrected. Light petroleum has b.p. 40—-60°C. Alumina refers to 
aluminium oxide, Peter Spence, grade H. Solvent extracts were dried over anhydrous magnesium 
sulphate. Microanalyses are by Dr. E. Challen of this University, and by Dr. K. W. Zimmermann 
and associates, C.S.I.R.O. and University of Melbourne Microanalytical Laboratory. Infra-red 
spectra are by Mr. I. Reece of this University. 

(a) Solvent Extraction of Ants.—The whole ants, air-dried after removal of the storage ethanol 
or light petroleum,+ were Soxhlet-extracted with light petroleum (24hr). The extract, after 
washing with NaHCO, solution and water, was dried, the solvent evaporated, and the residue then 
distilled under reduced pressure. 

(b) Derivatives with 2,4-Dinitrophenylhydrazine.—The distillate, in 95% ethanol, was treated 
with an excess of 2,4-dinitrophenylhydrazine sulphate in aqueous H,SO, and the mixture allowed 
to stand at room temperature (2 hr). The resultant precipitate was then fili «red off, washed with 
water, and dried. In each case the crude dinitrophenylhydrazone mixture and the products 
resulting after purification by column chromatography and/or recrystallization were subjected 
to paper chromatography, employing the procedures of Burton (1954) and of Seligman and 
Edmonds (1955). The resultant R, values, which are recorded in Table 2, were compared where 
possible with those of authentic specimens. Identification was regarded as conclusive when R, 
values corresponded in both direct and reverse phase. 

(c) Extractives of D. acanthoclinea clarki.—The collection and extraction data for these ants 
are recorded in Table 1. Dolichodial is obtained as an almost colourless liquid, b.p. 94-96 °C/2 mm. 
This product (180 mg), on reaction with 2,4-dinitrophenylhydrazine sulphate solution, yields an 
orange precipitate (225 mg), which was partly soluble in chloroform. A series of products were 
obtained after chromatographic separation on alumina. 

The chloroform soluble moiety from ants collected during the spring and early summer 
months gave a small proportion (less than 5%) of derivative A, eluted with, then recrystallized from, 
benzene/light petroleum ratio 1 : 3, as orange needles, m.p. 130-131 °C (Found : C, 55-8; H,5:3%. 
Calc. for C,,H,,N,O,: C, 55-5; H, 5-2%). 

Elution with benzene always yielded derivative B, isolated as yellow prisms, m.p. 177 °C, 
from benzene (Found: C, 50-6; H, 4-1; N, 21-1%. Cale. for C,,H,.N,O,: C, 50-2; H, 4-2; 
N, 21-3%). The chloroform-insoluble product (64 mg) was recrystallized to give derivative C, 
as red prisms, m.p. 242 °C, from dimethylformamide (Found: C, 49-9; H, 4-4; N, 21-6%. 
Cale. for C,,H,.N,O,: C, 50-2; H, 4-2; N, 21-3%). 

The crude extract, from ants collected during the winter months, yielded an acidic product, 
which was recovered from the NaHCO, extraction. This compound (128 mg) gave a yellow 
2,4-dinitrophenylhydrazone, derivative D, purified via its sodium salt, and finally isolated as 


* The structure and reactions of dolichodial are to be described in a subsequent paper. 
+ Light petroleum which had been employed for the collection of a given ant species was 
re-employed for its extraction, 
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yellow needles (35 mg), m.p. 170 °C, from benzene (Found: C, 52-8; H, 4:5; N,15-2%. Cale. 
for C,,H,,N,O,: C, 53-0; H, 5:0; N, 15-5%). 

The forerunnings (12 mg) from the distillation of dolichodial, gave an orange 2,4-dinitro- 
phenylhydrazone (21 mg), derivative E, m.p. 57 °C, after chromatography and recrystallization 
from light petroleum (Found: C, 52-8; H, 6-2; N, 18-8%. Cale. for C,,H,,N,O,: C, 53-1; 
H, 6-2; N,19-0%). Paper chromatography of this derivative shows identical R,, values to those 
of heptan-2-one 2,4-dinitrophenylhydrazone, 

(d) Conversion of Derivative B into Derivative C.—Derivative B (46 mg) in benzene (30 ml) 
was refluxed with HCl (10n ; 2 drops) for 12 hr. After cooling, the mixture was washed free of 
acid, the solvent removed, and the orange residue then taken up in chloroform. Derivative C 
(22%; 10mg) remained, and was recrystallized as red prisms, m.p. and mixed m.p. 242 °C, 
Derivative B (32 mg), m.p. 177 °C, was recovered from the chloroform solution. 


TABLE 2 


PAPER CHROMATOGRAPHY OF SOME 2,4-DINITROPHENYLHYDRAZONES 





R,, Values* R,, Values 
Compound - — Compound - — —— 
Direct Reverse Direct Reverse 
Phaset Phaset Phase Phase 
Derivative A | 0-0 0-55 Heptan-2-one 2,4-dinitro- 0-70 0-35 
Derivative B | 0-0 0-15 phenylhydrazone 
Derivative C 0-0 0-0 2-Methylhept-2-en-6-one 0-60 0-25 
Derivative D 0-05 0-95 2,4-dinitrophenylhydrazone 
Derivative E 0-70 0-35 Tridodial bis-2,4-dinitro- 0-0 0-0 
phenylhydrazone 





*R, values, as reported, are +0-05. 

+ Direct phase: Paper is Whatman No. 3, moistened with ethyl lactate/water (1:1), and 
air-dried before spotting. Solvent system is n-heptane/CCl, (98 : 2). 

t Reverse phase: Paper is Whatman No. 3, moistened with olive oil (5% in CCl,) and air- 
dried before spotting. Solvent system is isopropanol/water (3: 1). 


(e) Hatractives of D. acanthoclinea dentata.—The ants (250g), collected at Brindabella, 
yielded dolichodial (570 mg), isolated as described in (a). It gave derivative B, m.p. and mixed 
m.p. 177 °C, and derivative C, m.p. and mixed m.p. 242 °C, after treatment with 2,4-dinitro- 
phenylhydrazine sulphate solution. Other carbonyl compounds were not detected. 

Ants (243 g and 30 g) collected at Colo Vale and in the Hawkesbury R ‘ver district, respectively, 
gave dolichodial (270 mg and 100 mg), identified as above. 

(f) Extractives of D. diceratoclinea scabridus.—(i) The “‘ red-legged ’’ variety (5 g), collected 
in the Bago Forest, were extracted as in (a). The crude fat extract (500 mg) ~as treated with 
2,4-dinitrophenylhydrazine sulphate solution and the products purified by chromatography on 
alumina. Light petroleum/benzene ratio 9:1 eluted a trace of an orange derivative, identified 
as 2-methylhept-2-en-6-one 2,4-dinitrophenylhydrazone, by paper chromatographic comparison 
with an authentic specimen from J. detectus. Benzene-eluted iridodial bis-2,4-dinitrophenyl- 
hydrazone (12 mg), m.p. and mixed m.p. 222°C. The infra-red spectrum (Nujol mull) was 
identical with that of an authentic specimen from J. detectus (Cavill, Ford, and Locksley 1956). 

(ii) The “ red-legged ’’ variety (27 g) collected in the Hawkesbury River district, after 
extraction and distillation, yielded isoiridomyrmecin (10 mg), m.p. 51-52 °C. Mixed m.p. with 
an authentic specimen, m.p. 59 °C, from J. nitidus (Cavill and Locksley 1957), was not depressed. 

(iii) The “‘ black-legged ”’ variety (13 g), collected in the Royal National Park in the immediate 
vicinity of D. acanthoclinea clarki, vielded a crude fat extract (350mg). This extract, when 
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treated as in (f) (i), gave derivative B, m.p. 176°C, and derivative C, m.p. 242°C. These 
derivatives did not depress the m.p.’s of the corresponding derivatives from D. acanthoclinea 
clarki. 

(g) Extractives of Iridomyrmex rufoniger.—(i) The ants (28 g) collected at Bankstown, on 
extraction with light petroleum, then distillation, yielded a colourless liquid (65 mg), which was 
converted into a mixture of 2,4-dinitrophenylhydrazones, as above. Chromatographic separation 
on alumina gave the methylheptenone 2,4-dinitrophenylhydrazone as orange plates (12 mg), 
m.p. and mixed m.p. 84-85 °C (Found: N,18-1%. Calc. for C,,H,,N,O,: N, 18-3%). Iridodial 
bis-2,4-dinitrophenylhydrazone (8 mg), m.p. 221°C, was then isolated, and converted into 
1’,5-dimethy1-3,4-cyclopentenopyridine picrate, m.p. and mixed m.p. 144 °C, with an authentic 
specimen (Cavill and Ford 1960). 

(ii) The ants (112 g) also collected at Bankstown, when treated as in (g) (i), gave a colourless 
lachrymatory liquid (200 mg), identified as dolichodial on conversion into derivatives B, m.p. and 
mixed m.p. 176 °C, and C, m.p. and mixed m.p. 242 °C. 

(h) Extractives of I. nitidiceps.—The ants (4 g), collected in Bago Forest, were extracted as 
in (a), and the crude fat fraction (500 mg) treated with 2,4-dinitrophenylhydrazine sulphate as 
in (f) (i). The products were methylheptenone 2,4-dinitrophenylhydrazone, identified by paper 
chromatography and iridodiai bis-2,4-dinitrophenylhydrazone, m.p. and mixed m.p. 222 °C. 
The infra-red spectrum (Nujol mull) was identical with that of an authentic specimen from J. 
detectus (loc. cit.). 

(j) Extractives of I. myrmecodiae.—The whole ants (29g, air-dried from ethanol) were 
extracted for 72 hr. Distillation of the oil, which remained after removal of the light petroleum- 
yielded an almost colourless liquid (200mg). This product (100 mg), on treatment with 2,4, 
dinitrophenylhydrazine sulphate solution, yielded an orange solid (155mg). The chloroform- 
insoluble fraction of this solid gave derivative C, isolated as red prisms, m.p. and mixed m.p. 
242 °C, from dimethylformamide (Found: C, 50-1; H, 4-2; N, 21-2%. Calc. for C,,H,,N,O, : 
C, 50-2; H, 4-2; N,21-3%). The chloroform-soluble moiety yielded derivative B, m.p. 174 °C, 
further identified by paper chromatography. 
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THE REACTION OF THIOL AND DISULPHIDE GROUPS WITH 
MERCURIC CHLORIDE AND METHYLMERCURIC IODIDE 


I. SIMPLE THIOLS AND SOLUBLE PROTEINS* 
By 8. J. Leacuy 
[Manuscript received March 22, 1960] 


Summary 


The polarographic behaviour of MeHgCl, MeHgI, HgCl,, neohydrin (3-chloro- 
mercuri-2-methoxypropylurea) and its iodo-derivative are described. Their chemical 
reactivity and —SH specificity have been investigated and MeHgI shown to have 
advantages as an —SH reagent on account of its high reactivity, stability, and “ ideal ”’ 
polarographic behaviour. 


The reaction of protein —SS— groups with Na,SO, proceeds slowly to completion 
in the presence of HgCl, or MeHglI and it is shown that with bovine plasma albumin, 
ribonuclease, and insulin the polypeptide chains may be separated for preparative or 
structural studies under milder conditions than are customary. 

In the presence of urea at pH 9 the reaction is sufficiently rapid to form the basis 
of amperometric titration procedures for determining —SS— groups in eight intact 
proteins. The methods are especially valuable for proteins which have been previously 
converted to their —SR, —sO;, or —S8sO; derivatives since the destructive hydrolytic 


step may be avoided. The mechanism and stoichiometry of the reactions are discussed. 


I. INTRODUCTION 

Of the considerable number of methods available for estimating and blocking 
thiol groups none is entirely satisfactory. Oxidative methods, using e.g. 
iodine or ferricyanide, are not entirely speafic for —SH groups and are unreliable 
moreover because (i) the nature of the products is uncertain; for example, 
iodination of —SH proteins may produce —SI, iodotyrosine, and iodohistidine 
groups as well as —SS— or more highly oxidized sulphur groups, and (ii) pairing 
of —SH groups may not always be sterically feasible in large protein molecules 
and the stoichiometry is therefore ill defined. Alkylating agents such as 
N-ethylmaleimide and iodoacetic acid are more specific for —SH groups, more 
reactive, and easily estimated. However, their strict specificity has been called 
into question (Lontie and Beckers 1957; Gundlach, Moore, and Stein 1959), 
attack occurring also at basic and other sites. 

Until recently, one of the most common methods for —SH estimation was 
that of Kolthoff and Harris (1946) for aliphatic thiols in which an ethanolic 
solution of thiol was titrated amperometrically at the rotating platinum electrode 
using AgNO,. The method was later used for biological thiols (Benesch and 
Benesch 1948) and adapted for aqueous solutions of —SH proteins (Benesch, 
Lardy, and Benesch 1955). However, Sluyterman (1957), Burton (1958), and 


* Part II of this paper is concerned with fibrous keratins—see Leach (1960). 
+ Division of Protein Chemistry, C.S.I.R.O. Wool Research Laboratories, Parkville, Vic. 
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Cole, Stein, and Moore (1958) have since shown that silver titration often leads to 
high results. This is due to binding at sites other than —SH and to binding 
of additional Ag atoms by the silver mercaptide itself. The results therefore 
depend markedly on the conditions of titration and the time taken to complete it. 
This is one reason for the wide range of values quoted for say the —SH groups of 
human haemoglobin (2 to 9-6 groups per mole), ovalbumin (2 to 5-8 groups per 
mole), or §-lactoglobulin (1-7 to 3-9 groups per mole). 

An —SH reagent for quantitative analytical purposes should be (i) strictly 
—SH specific, (ii) highly reactive, (iii) of small molecular size and therefore 
rapidly diffusible, (iv) of well-defined stoichiometry—preferably monofunctional, 
(v) devoid of say acidic, basic, or other extra binding sites, so that all protein 
—SH groups are equally favoured regardless of their molecular environment, 
(vi) soluble, stable, and reactive in acid, neutral, and basic aqueous solutions, 
(vii) easily obtained, purified, and estimated, (viii) for amperometric estimations 
the reagent should show well-defined and separated reduction steps, free of 
anomalies and with current plateaux increasing linearly with reagent concentra- 
tion. The present investigations are concerned with the evaluation of HgCl, 
and MeHglI in the light of the above criteria. So far as the author knows, these 
two reagents, and more particularly the latter, are the only ones which fulfil 
all the above requirements. 

Since 1953, several papers by Kolthoff and his collaborators have shown that 
Hg(l,* in the presence of suitable anions is highly specific for —SH groups and 
will combine stoichiometrically with simple thiols to give either a compound of 
the type RSHgCl or (RS),Hg depending upon the amount of excess HgCl.,. 
However, Burton (1958) has shown that titrating with either silver nitrate or 
mereuric chloride at the rotating platinum electrode, the results for various 
simple thiols do not always show simple 2:1 or 1:1 stoichiometry and vary 
with pH. In spite of this, the second (2:1) end-point may be utilized with 
confidence in titrating amperometrically with HgCl, at the dropping mercury 
electrode (D.M.E.) and has been found a highly satisfactory procedure in routine 
estimations of cystine in protein hydrolysates (Stricks, Kolthoff, and Tanaka 
1954; Leach 1956; Human 1958). In such cases the titration is carried out 
in the presence of chloride and excess Na,SO, at pH 9, so that each mole of HgCl, 
combines with the —SH groups from 2 moles of —SS— and the equilibrium 
reaction (1) goes to completion : 


RSSR+SO> = RS-+RSS8O> .............. (1) 
2RS-+HgCl, -> (RS),Hg+20l-.  ............ (2) 


Whilst these titrations may also be carried out using the rotating platinum 
electrode (Kolthoff, Stricks, and Morren 1954) or by a potentiometric method 
using a mercury-coated gold electrode (Cecil 1955), both electrodes require 
special preparation and are sensitive in use, and the D.M.E. is more suitable 
and trouble-free for routine use. 


* Although Allison and Cecil (1958) refer to the use of “ mercuric ion” in this connection, 
HgCl, is almost completely undissociated in aqueous solution, and in KCl solution most molecules 
are in the form of HgCl4 ions (Allen and Warhurst 1958 ; Scaife and Tyrrell 1958). 
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A further advantage is that the technique of amperometric titration with 
HgCl, at the D.M.E. can be extended to the estimation of —SH and —SS— groups 
in solutions of intact proteins (Allison and Cecil 1958 ; Leach 1959a, 1959b). In 
cases where the protein contains naturally-occurring —SH groups the number 
of these must be determined by titration with a monofunctional mercurial, 
preferably MeHgI. In this way the stoichiometry of combination of HgCl, 
with these groups can be determined and a correction made in the —SS— 
estimation. It is particularly important that the intact protein be used since 
it has been found that the preliminary acid hydrolysis required for amino acid 
analysis (18 hr at 100 °C with 6N HCl) can lead to a considerable loss of —SS— 
which is not always compensated for by extrapolation procedures (Leach 1956). 
The present paper therefore describes the extension of the amperometric titration 
method, using HgCl, at the D.M.E., to the estimation of —SS— groups in intact 
soluble proteins and the stoichiometry of this reaction. 

The polarographic properties of MeHgI have also been examined. This 
mercurial was first evaluated as an —SH reagent by Hughes (1947, 1949), who 
pointed out that it should have advantages over other reagents with respect to 
specificity and reactivity on account of the small and inert character of the 
Me group. This expectation has now been borne out. The dithizone colori- 
metric—partition method used by Hughes and others (e.g. Simpson and Saroff 
1958) is replaced by a more convenient polarographic procedure for estimating 
excess MeHgl. 


II. EXPERIMENTAL 

(a) Apparatus.—Polarographic measurements were made with a Tinsley Mark 17/4 recording 
polarograph. Cells (5-10 and 15-20 ml), suitable either for amperometric titrations or following 
reaction rates, have been described elsewhere (Human and Leach 1956). The reference electrode 
was a saturated calomel half-cell and connection to this was made with an agar—KCl bridge closed 
at each end with sintered glass plugs of <100 Q resistance. All measurements were carried out 
at 20+1 °C in a stream of oxygen-free nitrogen which had been passed through HgCl,, KOH, and 
water before entering the polarographic cell. The capillary characteristics for the D.M.E. were 
determined with an open circuit using a mercury column height of 60cm. The flow rate m in 
0-1m KCl was 1:98 mg mercury sec~, ¢ was 3-61 sec, and mitt was 1-95 mg? sec-}, 


(b) Reagents.—Glass-distilled conductivity water was used throughout. Urea, NH,Cl, 
NH,OH, and formdimethylamide were Hopkin and Williams A.R. or Polaritan grade. Tris- 
(hydroxymethyl)aminomethane was obtained from the Sigma Chemical Co., St. Louis, U.S.A., 
KCl, Na,SO,, and other buffer reagents were B.D.H. or Merck A.R. grade chemicals. All were 
used without further purification. HgCl, from May and Baker was over 99-5% pure by analysis. 
Neohydrin (3-chloromercuri-2-methoxypropylurea) was kindly supplied by Lakeside Laboratories, 
Milwaukee, U.S.A. It was converted to the iodo derivative by reacting overnight with one 
equivalent of NaI in warm acetone (AgI was ineffective). Insoluble NaCl was filtered off and the 
product isolated from the yellow filtrate by evaporation. Recrystallization from hot methanol 
gave yellow crystals, m.p. 156-157 °C decomp. (The chloride had m.p. 146-147 °C decomp.). 
Elemental analysis* gave: Hg, 43-0; I, 27-7; Cl, <0-3%. Theor. values for the iodide: 
Hg, 43-7; I, 27°7%. 

MeHglI was made by exposing metallic mercury and excess methyl iodide in a stoppered 
Pyrex flask to sunlight for 3-4 weeks. The mass of pale-yellow needle-shaped crystals was 


* Analyses by Dr. K. W. Zimmerman, C.S.I.R.O. and University of Melbourne Microanalytical 
Laboratory. 
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extracted into hot methanol and recrystallized by cooling. This purification must be carried out 
in the fume cupboard with strict precautfons against inhalation. Rubber gloves must also be 
worn since strong solutions of MeHgiI can blister the skin. The pure product is colourless and 
should be stored in a well-stoppered bottle away from ultraviolet light. When freshly prepared 
the product (m.p. 142 °C) is virtually 100% pure since the reactants and side-products can be so 
easily removed. 

Methylmercuric chloride was made by shaking a concentrated methanolic solution of the 
iodide with freshly precipitated AgCl (50% excess) overnight. After filtering off the yellow AgI 
the filtrate was taken to small volume and the product crystallized out (m.p. 170 °C). Both the 
chloride and the iodide were recrystallized three times from methanol before use. - The chloride 
has a greater solubility in water than the iodide. 


(c) Thiol Compounds and Proteins.—Cysteine hydrochloride was obtained as a monohydrate 
from British Drug Houses in 96-99% purity. This was checked by CuSO, titration at the 
rotating platinum electrode in presence of Na,SO, (Kolthoff and Stricks 1951) and also by iodine 
titration in 1N,| HCl. .-Cysteinyl-L-asparagine (Leach and Lindley 1954) was 97-99% pure by 
iodine and potentiometric titration. Mercaptoethylamine hydrochloride (Evans Chemetics, 
New York, Batch 657—14, Assay 96%) was used without further purification and made up in HCl 
as above. Glutathione (Distillers’ Co., Epsom, England) was dried over P,O, before use and 
2,3-dimercaptopropanol was from L. Light and Co. Ltd., England. Stock solutions of each thiol 
(4-5 x 10-4m) were prepared in HCl solution (0-01N), outgassed with purified N,, and kept at 0 °C 
until required but not longer than a few hours. 


The proteins used were bovine plasma albumin (Armour Batches 67403 and 868004), 
mercaptalbumin (Pentex Batches 8503 and 8504; although both were designated as ‘‘ mercapt- 
albumin ”’, Batch 8503 was said to be the mercury dimer and 8504 mercury free), lysozyme 
(Armour Batch 803L2 and Pentex Batch 3207), ovalbumin (Pentex Batch 4911), 8-lactoglobulin 
(Pentex Batch 4814), and ribonuclease (Armour Batch BM 2470 and Pentex Batch 3305 A). 
Beef zinc insulin|\ (Batch 535,664) was a gift from Dr O. K. Behrens of Eli Lilly and Co., 
Indianapolis, U.S.A. Other insulin samples were from Boots Pure Drug Co., Nottingham (Batch 
2189, I.U.P.A.C. \standard sample), and from Commonwealth Serum Laboratories (Batches 
X1-10). Gelatin was a Difeo product. 

Protein concentrations were determined from dry weights (see Table 2, col. 1) by Kjeldahl-N 
assay using literature values of 16-1, 15-6, 15-8, 15-9, 18-6, and 17-5% for bovine plasma albumin, 
8-lactoglobulin, ovalbumin, insulin, lysozyme, and ribonuclease respectively. To calculate the 
—SH and —SS— ¢ontents recorded in Tables 2 and 3 (last col.), molecular weights of 68,000, 
36,000, 46,000, 5,750, 15,000, and 13,680 respectively were assumed. 


(d) Methods.—(i) Stock solutions of mercurials in water were 5x 10-‘m (MeHglI, neohydrin 
iodide) or 1 to 4x{10-°m (MeHgCl, neohydrin chloride). For investigating the polarographic 
behaviour of these mercurials at various concentrations and pH values in the presence and absence 
of urea and Na,SO,, the stock solutions were diluted as required in the polarographic cell by adding 
buffer solutions, urea, and/or Na,SO, and gelatin (0-2?5%) to give a final gelatin concentration of 
0-01%. Solutions were then outgassed with a vigorous stream of purified N, for 10 min.* The 
N, was diverted to pass over the top of the solution during the measurement of current—voltage 
curves or of currents at fixed applied potentials. 

(ii) For titrating thiols and —SH proteins, nechydrin chloride and MeHgI were made up in 
2x 10-*m concentratign, the former in water and the latter in 25% formdimethylamide. It is 
convenient to dissolve| the MeHglI in the formdimethylamide first before making solu‘ ions up to 
their final volume with water. Formdimethylamide is the preferred organic solvent since its 
polarographic properties are similar to those of water (Lambert 1958). For simple thiols, the 
phosphate or tris buffer (pH 7 or 9; 10 ml) containing gelatin (0-25% ; 1 ml) was outgassed with 
purified N, for 10 min in the polarographic cell, and the effluent N, was passed through a few ml 


* Loss of MeHgI by volatilization at 20°C was 0-7% per 10min, which was negligible. 
However, to avoid inhalation of MeHgI (and Hg vapour) the effluent gas was passed into MeOH 
and all polarographic operations conducted under a fume-hood. 
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of the stock thiol solution (5 x 10-4m dissolved in 0-01N HCl). For proteins it was unnecessary to 
add gelatin as a maximum suppressor or to outgas the stock protein solutions, which varied from 
0-5% in pH 9 NH,CI-NH,OH buffer for insulin to 1:0% in water for bovine serum albumin. 
An aliquot of thiol or protein (0-5 to 2-0 umoles —SH in 2 ml) was acdded to the outgassed buffer 
in ihe cell followed by about 0-02 ml capryl alcohol to prevent frothing. After mixing and out- 
gassing with N, for a further 3 min, titration with mercurial was commensed. After each 0-1 ml 
addition of titrant, current—voltage curves were run between —0-2 and —1-6 V (v. saturated 
calomel electrode (8.C.E.)). Duplicate titrations were then carried out at fixed potentials of 
—0-6 and —1-4 V for simple thiols or —0-7 and —1-3 V for proteins. Current readings were # 
usually stable as soon as mixing of the titrant with the gas stream was complete and the galvano- 
meter was re-zeroed between each addition of titrant. | 

(iii) The preparation of protein solutions in which all —SS— bonds were split was carried | 
out in the absence of urea and the rate of splitting was measured amperometrically. In typical 
experiments, HgCl, (10-*m ; 1 ml), neohydrin, or MeHgI (4 10-*m ; 5 ml) were added to bovine 
plasma albumin (36-3 mg dry) in air-free buffer (pH 8 or 9; 22 ml) containing KCl (0-1m) and 
Na,SO, (0-2m). The falling currents were measured at —1-0 V (HgCl,) or —0-8 V (neohydrin 
or MeHglI) every few minutes and extrapolated to zero time to obtain the initial current values 
(%). The solutions were then stoppered and left to react in an atmosphere of N, at 20 °C for 
18-24 hr by which time current values (i,,) were constant. Currents at —1-0 and —0-8 V were 
also measured on “ blank ”’ solutions containing all the salts and protein but no mercurials and 
these ‘ residual ’’ currents (¢,,.,) were used as the baseline for calculating the total uptake of 
mercurial from eqn.(3) : 


- Ug—t 00 
Mercurial taken up (¢ ml) = -——4f), 
0 —*res 
where ¢)==ml mercurial added initially. 

(iv) For the amperometric titration of —SS— groups in proteins, 5 to 20 ml containing 
NH,CI-NH,OH (0-1m), KCl (0-5m), Na,SO, (0-2m), and urea (8m) at pH 9-2 were added to the 
polarographic cell. After passing N, over the surface for 5 min the deaerated protein solution 
(1 or 2 ml) containing 5 to 10 umcles of —SS— was added, together with 0-02 ml capry] alcohol. 
The final urea concentration was adjusted to 8m by adding solid urea. After mixing by means 
of the gas stream and a further 3 min outgassing over the surface, titration was commenced at 
20 °C at a fixed voltage of —0-8 V using 10-*m MeHglI in pure formdimethylamide or 2 x 10-*m 
MeHglI in 25% formdimethylamide, or at —1-0 V using 10-*m HgCl, in water. In most cases 
current readings were stable as soon as mixing was complete but in some cases when MeHgI was 
used equilibration required several minutes. This was especially the case near the equivalence- 
point where 8-10 min was required to give complete reaction. 

(v) For estimating —SS— in proteins after hydrolysis, the protein (50-100 mg) was weighed 
into a spring-loaded glass-stoppered tube and heated with HCOOH (1 ml) and HCl (1 ml) at 
105 °C for 4, 8, or 24 hr. Acid was removed by vacuum distillation at 20 °C and the hydrolysate 
adjusted with alkali and water to 5ml at pH 5-6. Aliquots were then removed and titrated 
amperometrically with HgCl, at pH 9 using the method of Stricks, Kolthoff, and Tanaka (1954) 
(see also Leach 1956; Human 1958). 


III. RESULTS AND DISCUSSION 
(a) Polarographic Behaviour of Monofunctional Mercurials 

Human (1958) has described the polarographic behaviour of neohydrin 
chloride and pointed out that the single reduction wave at pH 4 with an FE, 
at —0°36 V (v. S.C.E.) gives way to two waves at higher pH values. The values 
of E, for the two separate waves are shown in Table 1 (bottom) for pH values 
between 5-58 and 9-40. As shown by Human, the first wave does not become 
sufficiently well separated for analytical purposes until about pH 8 and above. 
In addition the first wave splits again at concentrations approaching 10-*m 
and the diffusion current (i,) is no longer proportional to the concentration of 
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TaBLe 1 


CONCENTRATION, pH, UREA, AND SULPHITE EFFECTS Ol HALF-WAVE POTENTIALS OF FOUR MERCURIALS 






































| 
| Concen- | —(E); | —(Z})s 
Mercurial | tration Additives* pH, Buffer 
(m) | | (V ». 8.C.E.) 
Methylmercuric | 4x 10-4 | — 1, HCl | 0-46 0-90 
iodide <4 — 5-6, Acetate 0-42 1-15 
” — 7-2, Tris ; 0-42 1-20 
ss -- 9-2, NH,CI-NH,OH 0-43 1-23 
4x 10-4 | 1% Bovine plasma | 7-2, Tris | 0-42 | 1-056 
albumin 
4x10-4 | 8m Ureat 5-6, Acetate 0-44 1-17 
is is 7-7, Tris | 0-40 | 1-25 
* e 9-4, NH,CI-NH,OH | 0-50 1-30 
4x 10-4|| 0-2 Na,SO,t 9-0, NH,CI-NH,OH | 0-45 1-23 
1x 10-4! e | 9-0, NH,CI-NH,OH | 0-48 1-20 
1x10-*|| 25% Formdi-| 9-3, NH,CI-NH,OH | 0-58 | 1-32 
methylamide 
3x 10-4 | " ‘. 9-3, NH,CI-NH,OH | 0-61 | 1-28 
1x 10-* |} 0-2 Na,SO,+ [| 9-5, NH,CLNH,OH | 0-60 | 1-29 
3x10* |f 8m Urea { 9-5, NH,CI-NH,OH | 0-62 | 1-22 
| | 
Methyimercuric | &x10-* | 0-005% Gelatin SR HCl | 0-38 0-92 
chloride | &x10-5 | * % 1, HCl 0-42 0-82 
| * ss * 3, Acetate 0-44 1-04 
oat : : 5*6, Acetate 0-31 | 1-15 
, ow * m 7-7, Acetate 0-35 | 1-23 
" - . 8-9, NH,CI-NH,OH | 0-52 1-23 
Neohydrin iodide | 5x 10-4 | | _ 5-58, Acetate | 0-48 
| - | — 6-70, Acetate | 0-42 | 0-70 
» |] ~ 9-08, NH,CI-NH,OH | 0-45 | 1-03 
| 4x10-4 | Increased protein | 5-58, Acetate | 0-48 
| | \ concentration 
-" - 6-70, Acetate 0-45 | 0-73 
err A 4 9-08, NH,CI-NH,OH | 0-49 | 1-00 
|__| 
Neohydrin | 5x10-¢ | — | 5-58, Acetate 0-28 0-58 
chloride as FT _ 6-80, Tris 0-34 | 0-76 
| ‘ | — 9-40, NH,CI-NH,OH | 0-48 1-10 
| 3x10-4 | Inbreased protein | 5-58, Acetate 0-30 0-58 
| ¢oncentration 
ls —_ 6-80, Tris 0-40 | 0-80 
i iy 9-40, NH,CI-NH,OH | 0-52 | 1-05 
| | 











* All solutions contained 0-01% gelatin except where otherwise stated. 
+ +, is almost unaffected by urea (see Fig. 2), but suppressed somewhat by Na,SO3. 
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mercurial. Experimental conditions for this mercurial are therefore limited to 
concentrations below about 5 x10-‘m and pH values above 8. Similar considera- 
tions apply to neohydrin iodide where the two reduction waves are even less-well 
separated than those of the chloride. At comparable concentrations and pH 
values, the first wave of the iodide is slightly more negative and the second 
slightly less negative than those for the chloride. Current—voltage curves for 
neohydrin iodide and methylmercuric iodide are shown in Figure 1. 

Unlike neohydrin and various mercurial diuretics (Benesch and Benesch 
1951) the two reduction waves for MeHgI and MeHgCl are sufficiently well 
separated for analytical estimations from pH 9-2 down to as low as pH1 
(0:2N HCl). Figure 1 also shows that throughout this range the two curves are 
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Fig. 1.—Current—voltage curves using the dropping mereury 

electrode in the presence of 0-01 per cent. gelatin. Voltages v. the 

saturated calomel electrode. 

(a) Methylmercuric iodide (c. 4x 10-4m); (b) neohydrin iodide 
(4x 10-4). 


free of irregularities when 0-01 per cent. gelatin is used as a maximum suppressor. 
The chloride and iodide are very similar in behaviour although as in the case of 
the neohydrins, the chloride shows a somewhat greater separation between the 
two steps (0-1 V) over most of the pH range. 

For all four mercurials Table 1 shows that (#;), is very little affected by pH 
with the two iodides providing the most invariant values of —0-44+0-02 V. 
The. two chlorides give values which move irregularly with pH, about a mean 
value of —0-41 V, the variations probably being due to buffer anion effects. 
The comparative constancy of (£,), over a wide pH range appears to be a property 
common to most mercurials (see Benesch and Benesch 1951). 

The second wave shifts to more negative voltages with increasing pH in 
all cases. However, the pH dependence of (H#;), is much more marked for the 
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neohydrins than for the methylmercuric compounds. Thus whilst over the 
whole pH range (#;), is much more negative for the methylmercuric compounds 
than for neohydrins or indeed for any mercurials so far recorded, the contrast is 
greatest at low pH and least at pH 9. 

Benesch and Benesch (1951) haye suggested that the two reduction waves 
shown by mercurials R-Hg—X may correspond to the splitting of (i) the mereury— 
halide bond, followed by (ii) the ¢arbon-mercury bond. Table 1 provides 
further evidence for this hypothesis. | As one would expect on this basis, (EZ), 
is much less sensitive than (H,;), to the nature of the R group—in fact (£,), 
seems to be closely similar for all aliphatic mercurials at all pH values. Further- 
more since (HZ), is independent of pH\ splitting of Hg—X bonds by electrolytic 
reduction must take place with equal tity at all pH values between 1 and 9 
and this is in keeping with a reaction m 
ions. 

On the other hand (£;), varies congiderably with the nature of the R group 
and the pH, so the second reduction waive may well correspond to fission of the 
R-Hg bond, which would require consumption of hydrogen ions and electrons. 
This would also account for the somewhat greater sensitivity of (£4), than (E,;), 
to the concentration of the eae peere op halide, the value becoming more 
negative by about —0-10 V for a tenfold increase in concentration. Benesch 
and Benesch have pointed out that RHg” tree radicals formed by the first electron 
transfer would dimerize more readily at higher concentrations, reducing the 
concentration of RHg: radicals availabl4 for the second reduction step and 
displacing (Z,). to more negative values. 

The unusually negative values of (#,), for the methylmercuric halides, 
particularly in acid solutions, suggest that \in these compounds the C-Hg bond* 
is especially resistant to reduction. Relative to other mercurials, reducibility 
of this second bond decreases in t order: mercurated allylamide 
diurectics> phenylmercurics> methylmercurics. 

Benesc: and Benesch related this reducibility to the chemical reactivity 
of the C-Hg hond and whilst this may be useful as a general guide, the argument 
may not always be valid. The ease of reduction at the surface of a mercury drop 
probably involves such factors as favoured molecular orientations and adsorb- 
ability of large or reactive groups in the mercurial.t Thus whilst the two 
methylmercuric halides differ very little in their values of (H,), and (#,), the 
chloride is much more stable than the iodide to hydrolysis by HCl at pH 1. 
Solutions of the chloride (5 x10-‘m) show unchanged current—voltage curves 
after storage at pH 1 (HCl) and 20 °C for as long as 7 days. The iodide however 
shows the appearance of a new wave between Q and —0-4 V (v. 8.C.E.) and the 
two waves for the reduction of unchanged MeH(I are raised by a corresponding 
amount. After 18 hr at 0 °C the diminution in\ height of the first MeHgI wave 
suggests 5-10 per cent. decomposition. The position of the new wave suggests 


chanism which does not involve hydrogen 


* The C—Kg bond has an unusually low strength of 14 kcal. 

+ In any case, chemical reactions such as hydrolysis involve the C—Hg bond whilst the halogen 
atom is still attached and this bond may behave differently in electrolytic reduction where the 
halogen atom has been removed. 
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that it may be due to HgICl formed after hydrolysis of the Me—HglI bond followed 
by reaction with chloride ion. The wave can be reproduced by adding HgCl, 
to the solution. 

The positions of the reduction waves of MeHgl are affected only very slightly 
by the presence of 8m urea and/or 0-2m Na,SO,. The somewhat more negative 
values for (H;), and (H;), in the presence of both Na,SO, and urea or sulphite 
and 25 per cent. formdimethylamide (Table 1) are probably due to the increase 
in pH under these conditions from 9-2 to 9-3 or 9-5. 

The relationship between the concentration of the methylmercuric halides 
and their wave heights (i,) was also investigated and found to be linear between 
pH 5-5 and 9-5. This applies to both the first and second reduction waves. 
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Fig. 2.—Linearity of diffusion current v. concentration for both reduction steps of MeHgI 
at the dropping mercury electrode, in the presence of 0-01 per cent. gelatin. Currents 
measured both by wave-heights and at fixed potentials. 

(a) pH 7-2 tris buffer; (b) pH 9-4 NH,CI-NH,OH buffer containing Na,SO, (0-2m) ; 
(c) pH 9-3 NH,CI-NH,OH containing Na,SO, (0-2m) and formdimethylamide (25 per 
cent. v/v) ; (dq) pH 9-5 NH,CI-NH,OH containing Na,SO, (0-2m) and urea (8m). 


Figure 2 shows values of 7, v. concentration of MeHgI at pH 7-2 and 9-3-9-5 
under conditions normally used for thiol estimations. The plots in the presence 
of sulphite and either urea or formdimethylamide, that is, under the conditions 
normally used for disulphide estimations in proteins are also linear. The i;—e 
relationship at pH1 (HCl) is not ecuite linear even at concentrations of 
1 to 5x10-°m, but by constructing calibration curves the polarographic waves 
can still be used for thiol estimations at this pH. 

It is apparent from these experiments that the methylmercuric halides 
show more regular behaviour over a wider pH range than previously studied 
mercurials. Their solubility and linear i,—e relationship between pH 1 and 9 
offer an advantage over p-chloromercuribenzoate and the unsubstituted phenyl- 
mercuric compounds which are insoluble in neutral and acid solution, particularly 
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in the presence of chloride ions (Benesch and Benesch\ 1951). Even MeHgI 
is sufficiently stable in acid solution to be used for blocking or titrating —SH 
groups at pH 1. This provides an opportunity for following the kinetics of such 
reactions as the splitting of protein —SS— groups by Na,SO, at say pH 9 where 
it is necessary to “‘ quench ” the equilibrium reaction at eath stage by adjusting 
the mixture to pH 2 (see e.g. Cecil and McPhee 1955; Kolthoff, Anastasi, and 
Tan 1958, 1959) and estimating the —SH groups produced. | 


(6) Polarographic Behaviour of Mercurie Chloride 

The behaviour of HgCl, in the polarograph has been studied in detail by 
Kolthoff and his collaborators (e.g. Kolthoff 1941 etc.) and will be discussed here 
only in relation to the analytical procedures finally adopted for —SS— estima- 
tions. These are carried out in the presence of SOS ion. The effect of this 
powerfully complexing ion is to displace the reduction wave of HgCl, to more 
negative potentials. However, in pH9 buffer (NH,CI-NH,OH) containing 
KCl (0-5m), the HgCl, wave rises sharply at about —0-25 V and provides an 
elongated plateau from —0-35 V as far as the potential for Na+ discharge (about 
—1-7 V v. 8.C.E.). As observed by Stricks, Kolthoff, and Tanaka (1954), the 
HgCl, current plateau is sometimes marred by a “ trough” occurring between 
—0-35 and —1-0V. The depth and width of this trough depend on the con- 
centration of HgCl, and the presence of additives. Contrary to the observations 
of Allison and Cecil (1958) the appearance of the trough bears no simple relation- 
ship to the presence of surface-active materials and it is not always apparent 
even when capryl alcohol is added to prevent frothing. For example an 
anomalous region may be seen even in Allison and Cecil’s (1958) Figures 1 (b) 
and 5 (b), where no capryl alcohol was added. The voltage of —0-25 V (v. 8.C.E.) 
which they used for amperometric titration is dangerously close to the trough 
region. The author has found that such current readings may be unstable and 
this voltage does not always give a linear i,—c relationship for HgCl,. Although 
free cystine eliminates the trough (Kolthoff et al. 1954), intact or partially digested 
proteins do not. However, difficulties associated with the appearance of this 
anomaly could be avoided by working at an applied e.m.f. of —1-0 V v. 8.C.E. 
Under these conditions the diffusion current i, at pH 9 was proportional to the 
concentration of HgCl, even when the trough was very marked, as in the presence 
of high concentrations of certain soluble proteins. This proportionality was 
preserved in the presence of 0-2M Na,SO, and 8M urea. 


(c) The Chemical Reactivity and —SH Specificity of Methylmercuric Iodide 

Wool keratin provides a useful protein for testing out the reactivity of —SH 
reagents since different samples possess a fairly uniform number of —SH groups 
(25-35 umoles/g) which are relatively inaccessible. These groups cannot be 
titrated directly owing to the insoluble and fibrous character of the protein, and 
an excess of —SH reagent (say 150% theoretical) must be left to react with the 
protein for long periods before reaction ceases (Human 1958). The rates were 
compared for the four monofunctional mercurials described above, reacting with 
the —SH groups of wool (Leach 1960). MeHgI was found to react by far the 
most rapidly at acid, neutral, and alkaline pH values, stressing the importance 
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not only of the small molecular size but also of the reactive iodo-group. This is 
not surprising when one takes into account the greater reactivity of say iodo- 
acetamide compared with chloroacetamide and it stresses the non-ionic character 
of these mercurials. 

The —SH specificity of MeHgI was tested by titrating beef zinc insulin and 
gelatin solutions in the manner used for —SH determinations. Neither protein 
contains —SH groups although gelatin contains about 60 umoles methionine 
per g protein. The results for insulin and gelatin are shown in Figures 3 (a) 
and (b) respectively. In each case the current rises as soon as MeHgl is added 
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Fig. 3.—Test of —SH specificity of MeHgl. 
Amperometric titrations at pH 7 (tris buffer) of : (a) beef zinc insulin 
(10 mg in 12ml); (b) gelatin (100mg in 12ml) in N, at fixed 

potentials on both MeHgI plateaux. 


and the excess reagent lines are straight. At the end of each titration, the 
solutions were left for 30-60 min at 20 “C but the fall in current was negligible. 
In titrations of insulins from different sources the maximum number of 
‘“‘ apparent ” —SH groups found was in titrations at —0-7 V when values of 
up to 0-1 —SH groups per mole of insulin could be obtained. This value may 
therefore be regarded as an upper limit for the uncertainty in the results of 
titrations under these conditions. The result with gelatin shows that under the 
conditions used, MeHgI does not attack methionine residues in proteins. 


(d) The Amperometric Titration of Simple Thiols with MeHgI 
Attempts to estimate —SH groups in simple thiols and proteins by titrating 
dilute solutions with MeHgI of 5x10-‘m concentration were unsuccessful, 
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Although reaction occurred readily, end-points were ill defined. However, 
titrant concentrations of 2 x10-*m or higher gave sharp end-points using the 
methods described in Section II (d) (ii). 

In titrating L-cysteinyl-L-asparagine, mercaptoethylamine, and 2,3-dimer- 
captoethanol at pH 7 or 9, reaction was complete as soon as mixing had ceased. 
However with glutathione, it was necessary to wait 2-3 min before currents 
were stable. 

It was found that the product of reaction viz. MeHgSR (see eqn. (4)) : 

MeHgI+RSH — MeHgSR-+HI, ............ (4) 


in each case produced a new reduction wave whose FE; (—0-75 to —0-83 V) 
was located between the two excess MeHgI waves. It seems reasonable to 
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Fig. 4.—Amperometric titration of mercaptoethylamine (0-10 mg of the 
hydrochloride) in pH 7 phosphate buffer (13 ml) with MeHgI (2x 10-*m 
in 25 per cent. formdimethylamide) in N, at the dropping mercury electrode 
in the presence of 0-01 per cent. gelatin. 


suppose that the new wave represents reductive fission of the S—Hg bond. The 
effect of this wave was to give increased current readings at all potentials beyond 
the first MeHgI wave as soon as titration commenced so that no end-point was 
obtained if potentials on the second plateaux were used. It was therefore 
necessary to titrate at potentials on the first plateau at —0-60 to —0-65 V and 
under these conditions, currents rose sharply at titres close to the theoretical 
end-points. 

Figure 4 shows the current-voltage curves and titration curves for the 
titration of mercaptoethylamine. There is no break in the titration curve using 
a voltage of —1-4 V but the sharp break using —0-6 V corresponds to a titre of 
98 per cent. of the theoretical value for a 1:1 reaction. The results obtained 
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for five thiols are summarized in Table 2. Each of the thiols reacts rapidly with 
MeHgI at pH 7 and 20 °C with a 1:1 stoichiometry and the results are close to 
100 per cent. theoretical. Benesch and Benesch (1952) have pointed out that 
some uncertainty had existed with regard to the stoichiometry with which the 
dimercaptide 2,3-dimercaptopropanol (BAL) reacted with mercurials and they 
showed in kinetic studies with salyrgan and phenylmercuric hydroxide that both 
—SH groups reacted 1:1. Here too, both —SH groups of BAL react with 
MeHglI but at such a rapid rate that a kinetic study would be impossible at these 
concentrations. 


TABLE 2 
AMPEROMETRIC TITRATIONS OF SIMPLE THIOLS AND —SH ProTEeiNs with MeHgl at THE DROPPING 
MERCURY ELECTRODE* 


| | 


| Percentage 














‘ ‘ ese pd SH Groups 
Thiol or Protein Conditions Theory 
: | per Mole 
(2%) 
— — — ——— — ——__ — — - ae, — 
Cysteine hydrochloride (1H,O) ; pH7 96 | — 
Glutathione .. my ae = ™ 103 | on 
L-Cysteinyl-L-asparagine ‘ is o 98 — 
Mercaptoethylamine hydrochloride a 98 —_— 
2,3-Dimercaptoprepanol (BAL) ae i 100 an 
Bovine plasma albumin 
Armour 868004, 100 mg -- | BET _— | 0-67 
ua is as .. | pH 7, neohydrin - 0-67 
i “ a .. | Stored 5 years — 0-64 
= is ee .. | pH 7, 8m urea — 0-66 
Mercaptalbumin 
Pentex 8503, 100mg .. -. | PET — 0-17 
< a - .. | pH.7, neohydrin — | 0-20 
” ” .. o- pH 9 cman 6-20 
Pentex 8504 a = > | pee — 0-53 
6-Lactoglobulin | 
Pentex 4814, 12mg... .. | pH7 | — 2-0 
Ovalbumin | 
Pentex 4911, 50 mg | pH 7 — 3-1 
A eh Me ae pH 7, 8m urea, 14 hr - 3-7 
es 3 | pH 4-6 _ 3-0 
= n Pe .. | pH7 excess MeHgl, — 4-9 
24 hr 





* Conditions are described in the text. 





(e) The Reaction of —SH Proteins with HgClz and MeHgI 
Titrations of the normally occurring —SH groups in proteins using Hg(l, 
are not to be recommended as an analytical procedure since the stoichiometry 
of the reaction between the HgCl, molecule and —SH groups fixed at different 
sites on a macromolecule may depend upon steric factors (see e.g. Murayama 
1958) and undoubtedly also upon the concentration of excess mercuric chloride 
(Hughes 1949). In experiments with fibrous keratins it was found that the 
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uptake of excess HgCl, at pH 6 to 9 was greatly in excess of that accounted for 
by —SH sites (Leach 1960). However, attack could be limited largely to —SH 
sites by “ restraining ’”’ the HgCl, with KCl (1m) or better still Na,S,O, (0-2m) 
in urea and in these cases each —SH appeared to combine with approximately 
one HgCl, molecule. Allison and Cecil (1958) found that HgCl, in excess, com- 
bined in a 1:1 ratio with the —SH groups of native haemoglobin but 1: 2 with 
denatured haemoglobin. Even with simple thiols, Burton (1958) found that 
HgCl, gave a variable stoichiometry which depended upon the pH, although this 
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Fig. 5.—Amperometric titration of the thiol groups in bovine plasma albumin 
(92 mg dry wt.) in pH 7 tris buffer (12 ml) with MeHgI (2 x 10-*m in 25 per 
cent. formdimethylamide). Titrated in N, at the dropping mercury electrode. 


may have been due to the use of the rotating platinum electrode. It will be seen 
later that the same uncertainty does not arise in using HgCl, for protein —SS— 
estimations where the reagent combines with a well-defined 1:2 stoichiometry 
with protein —SH groups produced by the action of Na,SO3. 

For the titration of protein —SH groups it is clearly important to avoid the 
uncertain stoichiometry of combination of HgCl, by using a monofunctional 
mercurial of proven specificity. 

The estimation of —SH groups in proteins requires very similar techniques 
to those for simple thiols. The large amount of protein in solution however 
displaces both the Na+ discharge potential and the second MeHglI reduction 
wave to slightly less negative potentials. Also the mercaptide product 
(protein —SHgMe) being of high molecular weight and low diffusibility, does not 
show a reduction wave (see Fig. 5). Both MeHgI current plateaux may therefore 
be used in amperometric titrations. 
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For bovine plasma albumin, potentials of either —0-7 or —1-3 V were used. 
The results are shown in Figure 5, both voltages producing similar and sharp 
end-points. The titres correspond to 0-67 —SH groups per mole of protein. 
This value agrees with most literature values and varied by only +-0-01 between 
samples. To test for the possibility of additional but slowly reacting binding 
sites, mixtures of bovine plasma albumin and 100 per cent. excess of MeHgI 
were left to react in pH 7 tris buffer at 20 °C for 3} hr and titrations continued 
from this point. Under these conditions, there was no evidence of additional 
binding, only 0-67 mole MeHgI being taken up per mole of protein. Titration 
of bovine plasma albumin with neohydrin chloride at pH 9 also gave a value of 
0-67. Table 2 summarizes the values obtained using MeHgI. It will be seen 
that titrations in the presence of 8M urea did not produce higher values. This 
suggests that there are no “‘ hidden ”» —SH groups which are inaccessible to the 
—SH reagent nor are there normally unreactive groups (such as the 4 methionines 
in bovine plasma albumin) which become reactive towards the mercurials in 
the presence of urea. Reagents such as iodoacetamide are by comparison 
** slow and non-selective ’’ even when allowed to react in large excess for prolonged 
periods (Klotz et al. 1955). 

It has been reported that the —SH groups of bovine plasma albumin 
decrease on storage for several days and that after 5 years no —SH is detectable 
(Simpson and Saroff 1958). This effect could not be substantiated in the present 
work. Solutions of the protein in water gave unchanged —SH titres after 
storage at 2 °C for 2 weeks and a sample (Armour Lot M66909) which had been 
stored dry by Mr. E. F. Woods at 0-2 °C for 5 years still had an —SH content 
of 0:64 groups per mole. It is likely that the results of Simpson and Saroff are 
due to reaction of —SH with impurities in their protein sample which was a 
** Cohn fraction V solution of dark reddish-brown colour’, and postulation of 
thiazoline ring formation is not necessary in order to explain their results. 

A sample of commercial mercaptalbumin (Pentex Batch 8503) which was 
labelled as the mercury dimer, appeared to contain 0-2 mole —SH per mole 
protein whether titrated at pH 7 or 9 using MeHglI or neohydrin, suggesting 
that the mercury treatment during preparation had been incomplete, or that 
mercury had been lost during isolation of the protein. On the other hand, 
Batch 8504 which was labelled as the mercury-free product should have contained 
one —SH group per mole, but appeared to have only 0-5 —SH group. Table 2 
also shows the results for $-lactoglobulin which has two —SH groups per mole 
which both react rapidly with MeHg! under the experimental conditions. 
Literature values vary from 2 to 3-9, with the former value preferred (Cecil and 
McPhee 1959). 

Ovalbumin presented special difficulties since it showed evidence of —SH 
groups with differing reactivities. Titration at pH 7 even in the presence of 8m 
urea gave an end-point corresponding to 3 —SH groups per mole. When the 
protein solution was left to react with a small excess of MeHglI for 1-2 hr and the 
titration continued, an additional —SH group appeared to react and the maximal 
uptake after 18-24 hr was 5 moles of MeHgI. Similar results were obtained 
by titrating at pH 4-6, with three groups reacting rapidly, a fourth reacting 
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less readily, and a fifth group reacting very slowly. Literature values vary from 
2-1 to 5-8 —SH groups per mole. The elemental sulphur analysis is consistent 
with the presence of 6 sulphur atoms in addition to the 16 methionine sulphurs 
per mole of protein and it is possible that the fifth mole of MeHgI is taken up not 
by an —SH group but by a labile —SS— group which undergoes slow hydrolytic 
fission over a period of 24hr. Table 3 shows that in the presence of Na,SO, 
the amount of MeHgI taken up was not significantly increased over the amount 
in the absence of Na,SO, even after prolonged reaction. If any —SS— bonds 
are present in ovalbumin they are therefore indistinguishable from masked —SH 
groups in their low reactivity towards MeHgI. 


It is of course likely that —SH groups in different proteins will vary in 
reactivity according to their accessibility and the influence of adjacent amino 
acids. Reactivity would also be lowered by hydrogen bonding or other inter- 
actions with nearby groups. Such interactions might even be of a covalent if 
labile character. Linderstrom-Lang and Jacobsen (1941) suggested that some 
—SH groups might appear unreactive because they are involved in reversible 
equilibria with thiazoline rings or thiolester structures in the protein. The —-SH 
groups become available only on hydrolysis or when the protein molecule is 
unfolded. Smith (1958) has suggested that these and other labile sulphur 
linkages might be responsible for maintaining the tertiary folding of proteins. 


However it is important to differentiate between the varying “ intrinsic ” 
reactivities of protein —SH groups and possible preferences exerted for different 
—SH sites by reagents of complex structure. Evidence for “ masked” —SH 
groups or for selective blocking of certain —SH groups located at the active 
centres of enzymes has usually been obtained using phenylmercuric compounds 
or derivatives carrying say —COOH groups. A case in point is the complex 
azo-mercurial used by Horowitz and Klotz (1956): unlike MeHglI, this reacted 
only slowly at pH 9 with §-lactoglobulin. Such compounds whilst being entirely 
—SH specific might be bound first of all at —SH sites adjacent to amino acids 
with side chains carrying —COOH, —NH,, or hydrophobic groups and much 
more slowly or not at all to —SH sites with less attractive environments. If 
differences in the “ intrinsic ” reactivities of —SH groups are to be investigated 
it seems preferable to use the simplest monofunctional mercurial available, and 
MeHglI may offer advantages in this respect. For kinetic studies, MeHgCl 
might be preferred on account of its lower rates of reaction, smaller size, ana 
higher solubility in aqueous solvents. 


(f) The Amperometric Titration of Protein Disulphide Groups Using 
HgClz and MeHgI 

(i) Reactions in the Absence of Urea.—The amperometric titration of bovine 
plasma albumin (0-2°%) with HgCl, (10-*m) at —0-25 or —1-0 V in the presence 
of Na,SO, (0:2m), KCl (0-5m), and NH,OH-NH,Cl (0-1m) at pH 9 showed no 
uptake of HgCl, by the protein. These were the conditions used by Stricks, 
Kolthoff, and Tanaka (1954) and later by Leach (1956) and Human (1958) for 
protein hydrolysates. Although there is some uptake by pepsin-digested bovine 
plasma albumin, Stricks, Kolthoff, and Tanaka showed that reaction was still 
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incomplete and that acid hydrolysis was necessary before all —SS— groups 
reacted according to equations (1) and (2). Kolthoff, Anastasi, and Tan (1958) 
have shown that reaction with Na,SO, is negligible even at pH 6-6-5. The pH 
range 4-6 is optimal for reaction (1) in the presence of denaturants (Kolthoff, 
Anastasi, and Tan 1959). 

Such observations have led to suggestions (e.g. Kolthoff 1959) that the 
protein will not react with Na,SO, (reaction (1)) in the native state, that a 
denaturant must be present, and that the function of say urea is to “ unfold 
the protein thereby exposing the —SS— bonds to the action of Na,SO, ” (Carter 
1959). 

Whilst for analytical purposes, that is, using titration procedures, the 
presence of urea is desirable (see the following Subsection), it has been found in 
the present investigations using the procedures of Section IT (d) (iii) that reactions 
(1) and (2) can be made to proceed at a useful rate without urea as long as the 
mercurial is present in excess. The reaction proceeds equally well using HgCl.,, 
neohydrin, or MeHglI. 

The extent of reaction calculated using equation (3) would not be as accurate 
as that arrived at by the amperometric titration procedures described in 
Section II (d) (iv) since we assume that the residual current i,., is unchanged by 
the presence of protein—mercaptide. In addition one might expect some loss 
of —SH specificity and a small amount of additional binding of excess mercurial 
to non-sulphur sites after such prolonged periods. In spite of this the final 
uptakes were close to the expected values, viz. 9-23 moles HgCl, and 17 -3-18-4 
moles neohydrin or MeHgI per mole of bovine plasma albumin (68,000 g). If 
it is assumed that the 0-67 mole —SH normally present reacts with all three 
mercurials in a 1: 1 ratio (see Section III (e)) and that the —SH groups produced 
by the action of Na,SO, react 2 : 1 with HgCl, and 1 : 1 with neohydrin or MeHgl, 
the —SS— contents found by this method are 17-1 and 16-6-17-7 groups per 
mole of plasma albumin respectively. A sample of bovine plasma albumin 
which had been treated with HgCl, and Na,SO, in the above manner was dialysed 
to remove salts and urea and lyophilized. Elemental analysis showed an increase 
in the sulphur content from 1-80 to 2-47 per cent. Taking into account the 
increase in molecular weight from 68,000 to 71,200 the new sulphur content for 
complete reaction according to equations (1) and (2) would be 2-48 per cent. 

It appears therefore that even in the absence of denaturant, all —SS— bonds 
are available for reaction but that the equilibrium in equation (1) normally 
favours the —SS— forms. The sulphite-splitting reaction may be made to 
proceed to completion at a useful rate by allowing it to take place in the presence 
of reagents with a very high avidity for —SH groups. The method is now being 
used with bovine plasma albumin, ribonuclease, and insulin as a means of splitting 
—SS— bonds for preparative and structural studies. 

The oxidative and reductive methods which are normally used must be 
carried out in solvents such as 90 per cent. formic acid or 8M urea at high pH 
and the reagents used must be removed before the products are isolated. The 
oxidative treatment itself, or the alkylation required after the reductive treatment 
may modify protein groups other than —SH and —SS—. On the other hand, 
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splitting with Na,SO,-HgCl, or preferably Na,SO,-MeHgI may be carried out in 
aqueous solution over the pH range 7-10 at say 20°C. The rate of splitting can 
be followed continuously in the polarographic ceil and this rate may be varied 
over fairly wide limits by adjusting the pH and the concentration of protein and 
mercurial. So far as is known, Na,SO, does not attack residues other than the 
—SS— groups and the subsequent MeHglI reaction is of proven —SH specificity. 
It would therefore seem safe to attribute any changes in physical properties 
(viscosity, optical rotation, etc.) during such treatments to configurational 
changes induced by —SS— bond cleavage. The method would probably be 
less suitable for preparative than for structural studies, since the fission is 
unsymmetrical and the —SSO3 groups would be unstable in the acid hydrolysis 
required for amino acid analysis, largely reverting to —SH groups. 

(ii) Reactions in the Presence of Urea.—In the presence of urea the sulphite- 
splitting reaction for proteins is speeded up considerably, so that an excess of 
—SH reagent is normally unnecessary. The —SH produced by reaction (1) 
may be titrated amperometrically at 20-22 °C just as with protein hydrolysates 
in order to estimate —SS— groups. Even with urea however, the titration 
is preferably carried out with a reagent of the highest —SH avidity. 


A number of proteins containing —SS— bonds have been titrated with 
HgCl, or MeHglI in the presence of excess Na,SO, and 8M urea at pH 9 using the 
procedures described in Section II (d) (iv) and the results are given in Table 3. 
Current-voltage curves for the titration of bovine plasma albumin (18-4 mg dry 
weight in 11 ml solution) are shown in Figure 6 (b) (upper diagram) and current- 
titre plots in Figure 6 (b) (lower diagram). The end-point corresponds to an 
uptake of 17-7 moles MeHgI per mole protein. The corresponding titration 
using HgCl, (10-*m) is seen in Figure 6 (a) and showed an uptake of 8-4 moles 
HgCl, per mole of albumin. Equilibration was more rapid than with MeHglI. 
The value of 17-7 moles MeHgI agrees well with accepted values of 0-7 mole 
—SH and 17 moles —SS— per 68,000 g of bovine plasma albumin. The uptake 
of 8-4 moles HgCl, is compatible with reaction of 16-8 —SS— groups and no 
reaction with the —SH groups initially present. Values for HgCl, uptake were 
never greater than 8-5 and it appears that under these conditions reaction with 
the ‘normal’ protein —SH groups is much slower than with —SH groups 
produced by the action of Na,SO,. The fact that MeHglI titrates the normal 
—SH groups emphasizes the higher reactivity of the latter reagent. 

Current—voltage curves in Figure 6 show no sign of reduction waves for 
either of the reaction products, viz. protein-mercaptide (P-SHgR), or S-sulpho 
protein (P-SSO; ). Either these products are non-reducible at the electrode or 
their diffusion coefficients are too small to provide measurable diffusion currents. 
Since simple model compounds of the form R-SHgR and R-SSO ; usually give 
well-defined reduction waves, the second explanation seems more likely. It is 
borne out by the fact that insulin, with a lower molecular weight than bovine 
plasma albumin, gives P-SSO; waves of increasing height on titration with 
mercurials in the above manner (Leach 1959a, Fig. 3 (a)). Indeed, the height 
of these waves with 2, —1-25 to —1-30 V have been used as a rough estimate 
of the extent of reaction. 








DISULPHIDE CONTENTS OF PROTEINS, DETERMINED BY AMPEROMETRIC TITRATION 
AT THE DROPPING MERCURY ELECTRODE USING HgCl, anp MeHglI* 
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TABLE 3 









Disulphide Groups 























Protein Titrant per Mole Proteint 
Bovine plasma albumin | 
Armour 67403 i | HgCl, 16-8 
and §68004 "" | MeHglI 17-0 
Mercaptalbumin | 
Pentex 8503 (dimer) .. | HgCl, 27-3f 
Pentex 8504 (Hg-free) .. | HgCl, 17-0 
Pentex 8504 (Hg-free) .. | MeHglI 15-4 
Insulin | 
Boots 1.17788E .- | HgCl, 3-1 
Boots 2189 , | HgCl, 3-1 
Boots 2189 | MeHgI 2-8§ 
Lilly 535,664 | HgCl, 3-0 
C.S.L., various HgCl, 3-0 
Lysozyme | 
Armour 803L2 | HgCl, 4-8 
Armour 803L2 | MeHglI 4-1 
Pentex 3207 | HgCl, 4-7 
Pentex 3207 MeHglI 4-0 
Pentex 3207 - | MeHgCl 4-1|| 
Ribonuclease | 
Pentex 3305A . | HgCl, 4:1 
Pentex 3305A . | MeHg 3-5 
Pentex 3305A . | MeHgCl 3-6]| 
Pentex 3305A_ .. | Neohydrin 3-6|| 
Armour BM2470 .. | HgCl, 3-9 
Armour BM2470 .. | MeHglI 3-7 
8-Lactoglobulin | 
Pentex 4814 | MeHgI 3:5 
| 
Ovalbumin 
Pentex 4911 MeHgl |  (SS+SH) 4-7 
Pentex 4911 MeHglI (18-24 hr) (SS+SH) 5-3 





* For conditions see text. 

+ Disulphide contents are mean values of two or more titrations. 

t Calculated assuming one mercury atom per two albumin molecules. 
The expected value for Lot 8503 is 34 and for Lot 8504 is 17. 
§ Corrected to 3-0 if horizontal baselines are drawn. 
|| Single determinations. 
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The results for the amperometric titration of insulin with HgCl, (Table 3) 
show that beef zinc insulin from three different sources gave closely similar values 
for their —SS— content, viz. 3-0-3-1 moles of —SS— per 5750 g of insulin. 
These estimates were based on N, Zn, and moisture analyses according to which 
the samples were 85 to 86-5 per cent. pure with respect to insulin. Titrations 


of insulin with MeHgI gave somewhat lower values, viz. 2-65-2-9 —SS— groups 


(b) 


n 


1-0 ML 


0-3 ML 


CURRENT (1A) 
° 
® 


° 
& 


OML 
° -O-5 -1-0 “16 -© O-s “1-0 -1-S 
VOLTAGE (v. S.C.E.) 





CURRENT (1A) 








n j 
° 0-2 04 #O6 O8 1-0 1-2 
10" 2m TITRANT (ML) 





Fig. 6.—Amperometric titration of the disulphide groups in bovine plasma albumin at 
pH 9-3 (NH,OH-NH,(Cl) in the presence of Na,SO, (0-2m), KCl (0-5m), and urea (7-2m), 
using the dropping mercury electrode at 20 °C. 

(a) 37-7 mg (dry weight) protein in 20 ml titrated with HgCl, (10-*m™). Uptake is 8-4 
moles HgCl, per mole protein corresponding to 16-8 —-SS— groups per mole of protein ; 
(b) 18-4 mg (dry wt.) protein in 11 ml titrated with MeHgI (10-*m). Uptake is 17-7 moles 
MeHgI per mole protein corresponding to 17 —SS— groups plus 0-7 —SH groups per 
mole of protein; (c) 105-2 mg protein (reduced and S-carboxymethylated) in 20 ml, 

titrated with HgCl, (10-*m). Zero —SS— content. 


per mole, depending on the concentration of titrant and urea. Whilst estimations 
may be carried out on as little as 2 mg insulin using 210-*m MeHg! it is 
preferable to use larger amounts, say 10 mg insulin dissolved in 5-10 ml solution 
containing 8m urea, and to titrate with 1072m MeHgI. It is also advisable to 
correct the current values for the increase in volume during titration so as to 
obtain linear excess reagent lines and facilitate determination of the end-point. 
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The lower values of —SS— obtained using MeHgI appear to be due to a small 
but linear drop in current values as titrant is added before the equivalence-point 
is reached. This is because the current—voltage curve for insulin shows small 
reduction waves due probably to the electroreduction of —SS— bonds, and 
these diminish as —SS— is consumed in the Na,SO,—-MeHglI reaction. If the 
negative slope of the current-titre baseline is ignored, and horizontal baselines 
are drawn, the equivalence-point in every case provides values of 3-0 —SS— 
groups. This difficulty does not appear to arise with higher molecular weight 
proteins which show no such reduction waves before reaction. 

The mercury-dimer of bovine plasma albumin, as supplied commercially 
(Batch 8503) does not appear to be a pure product. Apart from containing 
0-2 mole —SH per mole (Section III (e)), the —SS— content as determined 
by HgCl, titration in presence of Na,SO, and urea is 27-3 instead of 34. Possibly 
—SS— bonds have been destroyed in the commercial preparative treatment. 
Whilst Batch 8504 had an —SH content lower than the expected value of 1-0 mole 
per mole (Table 2), the —SS— content by both HgCl, and MeHglI titration was 
closer to the generally accepted value of 17. 

The —SS— bonds of lysozyme are much less reactive than those of insulin 
or bovine plasma albumin and the effects of protein and titrant concentrations 
on the reaction rates were much more pronounced (Table 3). For example, 
titrating low concentrations of lysozyme (6 mg in 18 ml) with HgCl, (2 x10-%m), 
reaction was so slow that the excess reagent line appeared from the commence- 
ment of titration. Even after leaving to react for 17 hr at 20 °C, the uptake of 
HgCl, was negligible. When the concentrations of protein and titrant were 
both increased fivefold, the reaction rate was sufficiently high to give an uptake 
equivalent to 4:7 to 4-8moles —SS— per 15,000 ¢g lysozyme. Even then, 
equilibration was slower than for insulin and bovine plasma albumin, so that the 
solution had to be left for 15-20 min after each addition of HgCl, before current 
values were quite stable. After the equivalence-point, equilibration was complete 
within the time for mixing, and this was generally true whenever proteins were 
slow to react. Consequently, for routine estimations of —SS— content on the 
same protein, the slope of the baseline (current—titre plot) may be assumed to be 
constant from previous experiments. Only the first point (zero titre) need be 
established before an excess of HgCl, reagent is added. The reaction of lysozyme 
with MeHglI (10-*m) was much more rapid than with HgCl, and it was necessary 
to wait for only 5-8 min between readings. However, for two different batches 
of lysozyme, the uptake of MeHgI was consistently lower than that for Hg(l,, 
taking into account the difference in stoichiometry, and corresponded to 4-0 
to 4-1 —SS— bonds. This value was arrived at in a variety of ways: (i) direct 
titration with MeHgI (10-°m) at pH 8 and 9, (ii) reacting the protein with a 
50 per cent. excess of MeHglI for 24 hr at 20 °C, followed by titration with MeHgI 
(10-*m), and (iii) heating the protein with a 50 per cent. excess of MeHglI for 
80 min at 39 °C, or 30 min at 60 °C, followed by titration as before. 

The marked effect of protein and mercurial concentration on the number of 
—SS— bonds reacting in lysozyme is in accord with the findings of Fraenkel- 
Conrat, Mohammad, and Ducay (1951), who reported an all-or-none type of 
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reduction by thioglycollic acid in the presence of urea. However, it is difficult 
to explain the difference between the number of —SS— bonds found by HgCl, 
(4-8) and by MeHgI (4-0). The facts that MeHgI reacted more rapidly than 
HgCl, and that uptake was not increased by heating or prolonged action make it 
unlikely that one —SS— bond is/less reactive than the others. The possibility 
that one —SS— bond is sterically blocked was explored by titrating with the 
smaller but less reactive mercurial MeHgCl and also by titrating the lysozyme 
after heat denaturation, that is,/heating at 105 °C for 1 hr in water, as described 
by Acher, Laurila, and Fromageot (1956). In neither case did the uptake of 
MeHglI exceed 4-1 moles, so that the discrepancy is unexplained. 


Table 3 shows the results of titrating the —SS— bonds in two batches of 
ribonuclease. In both cases; HgCl, provided mean values (4-1 and 3-9) close 
to the literature value of 4 /—SS— bonds per mole, whilst MeHgI consistently 
provided values of 3-5 to/3-7. Both reagents gave immediate equilibration 
and consistent end-points jusing 20 mg protein or more in 5 ml of buffer—urea 
mixture. At lower concentrations however the reaction was too sluggish to be 
useful for amperometric fitration. The low value obtained with MeHgI could 
not be increased either by reacting the protein for 18 hr with excess MeHgI in 
the presence or absence of urea, by titrating at 40 °C, or by prior dialysis of the 
ribonuclease to remove possible impurities. (The purities indicated by Kjeldahl 
nitrogen analysis were only 90%.) Furthermore, the same values (3-6) were 
obtained by titrating/with MeHgCl and neohydrin. Whatever the reason for the 
discrepancy the results with MeHgI were so consistent that for analytical purposes 
a conversion factor of 1-1 may be safely applied. 


Disulphide estimations on 6-lactoglobulin using MeHgI as titrant gave mean 
values of 3-5 —SS— groups per mole. The total uptake of MeHgI was 5-5+0°3 
moles per mole of protein, depending upon the time of reaction (1-18 hr) and 
the —SS— content is arrived at by subtracting 2 moles for the —SH groups 
titrated in the absence of Na,SO,. Titrations with HgCl, were not attempted 
in view of its uncertain stoichiometry in reacting with —SH groups—see Section 
III (e). The results with ovalbumin have already been discussed. 

(iii) —SS— Specificity —The specificity of the Hg(Cl,-titration method for 
protein —SS— groups has been tested by titrating proteins which are considered 
to be free of these groups. A titration of gelatin (140 mg) with HgCl, (10-°m) 
under the usual conditions showed no measurable uptake of HgCl,. The same 
was true for proteins which normally contain —SS— bonds but which had been 
completely reduced and alkylated, or oxidized in order to destroy these links. 
For example, two preparations of bovine plasma albumin (ec. 100 mg) which 
had been treated three times by Mr. E. F. Woods, using thioglycollic acid (0 -3m) 
at pH 11 for 40 min at 20 °C followed by alkylation at pH 9 with iodoacetate, 
showed no ".ptake when titrated with HgCl, (10-*m). One such titration is 
illustrated in Figure 6 (c). The method has also been used for following the 
progress of —SS— bond-splitting reactions in which each group is converted to 
two —SSO 3 groups by the action of Na,SO,, air, and a trace of metallic catalyst 
(Leach 1959a)—an extension of the method of Swan (1957). Aliquots of protein 
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were removed at intervals and titrated amperometrically to follow the rate of 
splitting. When the reaction was complete, zero titres were obtained indicating 
that no —SS— bonds were left and that binding was not taking place elsewhere 
in the insulin molecule. The same was true for wool keratin samples which had 
been previously oxidized by Dr. E. O. P. Thompson with performic acid for 
18 hr at 0 °C. 

In view of these tests and of the theoretical uptakes of mercurials by bovine 
plasma albumin and insulin, it appears that sites such as basic and acidic groups, 
or methionine residues, do not bind HgCl, or MeHgI under the conditions used 
in these experiments, even when left with excesses of the mercurials for prolonged 
periods. 

(iv) Comparisons with Other Methods.—It has been pointed out earlier that 
—SS— estimations on hydrolysates of proteins are low due to destruction of 
cystine residues in the hydrolytic step. 

When Lilly insulin, Boots insulin, and Armour bovine plasma albumin 
were hydrolysed and titrated using the methods described in Section IT (d) (v), 
the values obtained were 2-56, 2-72, and 15-7 —SS— bonds respectively per 
mole of protein. These low values are means for all times of hydrolysis, since the 
variation between estimates was too small to show a significant decrease with 
time. 

Extrapolation procedures may be used such as those currently employed in 
amino acid analysis by column chromatography. However, cystine destruction 
appears to be most rapid in the early stages of hydrolysis and the corrected 
—SS— values found by linear extrapolation to zero time are noi reliable for 
every protein. The cystine in insulin appears to be peculiarly labile to acid 
hydrolysis. 

It has also been pointed out elsewhere (Swan and Woods 1957; Maclaren, 
Leach, and O’Donnell 1959) that the discrepancy between —SS— estimations 
on intact and hydrolysed proteins may be even larger for proteins which have 
been chemically modified. This is because certain treatments, for example, 
oxidation or reduction, may produce —SS— intermediates which revert to —SS — 
during hydrolysis. The sample of wool which had been oxidized with performic 
acid and appeared to have zero —SS— bond content as judged by amperometric 
tests on the intact protein gave a value of 0-2 —SS— groups per 10,000 g after 
hydrolysis with HCI-HCOOH at 105 °C for 8hr. Before oxidation the sample 
had five —SS— groups per 10,000 g. This value could be reduced to 0-04 —SS— 
groups per 10,000 g by more prolonged oxidation of the intact protein. Similarly, 
a sample of wool keratin which had been reduced by Mr. I. J. O'Donnell using 
thioglycollic acid (0-4M) in presence of urea (8M), at pH 9-3 and then alkylated 
with iodoacetate at pH 7 appeared to have a maximum of 0-13 —SS— groups 
in the intact fibre, but this increased to 0-25 group per 10,000 g after hydrolysis. 
The time of hydrolysis (4, 8, or 24 hr) did not appear to affect the results of 
chemically modified proteins. 

An alternative method for estimating —SS— and —SH groups in intact 
proteins has recently been suggested by Carter (1959). The principles involved 








THIOL AND DISULPHIDE IN PROTEINS. I 543, 


are similar to those described in the present paper, being an amperometric 
titration in the presence of urea and (for —SS—) Na,SO;. However, titration 
is at the rotating platinum electrode at pH 8-3, using AgNO, (10-*n) as titrant. 
Carter’s method appears to give satisfactory results for the cases quoted but it is 
difficult to compare the relative —SS— specificities for the two methods without 
testing Carter’s procedure with proteins of zero —SS— content both by direct 
titration and by prolonged reaction. Experience with AgNO, titrations would 
lead one to expect a less rigorous specificity for this reagent than for the mercurials 
and we might anticipate additional binding in some cases. This may be the 
reason for the unexpectedly high —SH value found by Carter, viz. 1-0 group 
per mole, in denatured bovine plasma albumin. The accepted value for both 
native and denatured albumin is 0-68 (Kolthoff et al. 1957). It is no doubt 
necessary also to avoid certain anions if precipitation of silver is to be avoided. 
It is difficult to compare the reactivity of AgNO, with HgCl, or MeHgI without 
data for the former on such a refractory protein as lysozyme. However, the 
necessity to titrate at 37 °C suggests that the reactivity of AgNO, may be lower. 
Other advantages of the mercurial method are associated with the use of the 
dropping mercury electrode which is normally trouble-free and avoids the 
necessity for using constant stirrer speeds of fixed geometrical relationship to 
the electrode and cell. 


(v) The Mechanism of Reaction.—Since all the —SS— bonds of bovine 
plasma albumin, ribonuclease, and insulin react in the absence of urea, the 
action of the urea cannot be to make —SS— groups available as suggested by 
Carter (1959), but seems rather to affect their reactivity. In any case one would 
expect the large number of intramolecular —SS— bonds in the albumin molecule 
to restrict swelling and unfolding to some extent. This restriction in configura- 
tional freedom is reflected in large changes in optical rotation when all the —SS— 
constraints are removed. 


Preliminary experiments with bovine plasma albumin showed changes of 
> 20° in [«]p at pH 9 in the absence of urea. In 8M urea, the protein is dissolved 
in a medium which demands a disordered or unfolded configuration but to which 
the cross-linked molecule cannot fully respond. This state of frustration may 
impose a strain on the —SS— bonds with a reduction in effective bond-strength 
so that splitting occurs readily in Na,SO,, allowing the protein chains to take 
up a configuration which is thermodynamically more favourable. These 
conclusions are in accord with (i) the observations of Kolthoff, Anastasi, and 
Tan (1959), who noted that fairly low concentrations of urea were sufficient to 
increase —SS-- bond reactivity whilst the physical changes associated with 
denaturation required more concentrated solutions of urea, and (ii) the fact that 
a preliminary treatment with urea is not sufficient to produce rapid reaction 
during the amperometric titrations, that is, the titration must be carried out in 
the presence of urea. 


It has been pointed out in an earlier paper (Leach 1959b) that the successful 
use of HgCl, as a bifunctional reagent for —SS— titration is unexpected on 
steric considerations. Reaction (1) produces an —SH group from each —SS— 
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bond and HgCl, reacts with these —SH groups in a 1:2 stoichiometry. This 
has been confirmed for each protein by comparison with MeHgI where the 
stoichiometry is 1:1. On the simplest assumption, HgCl, links up pairs of 
sulphur atoms originating from different —SS— bonds (see formula I). 

In a complex macromolecule such as bovine serum albumin one would 
expect this pairing process to be slow and non-stoichiometric. With 17 —SS— 
bonds to re-pair in a molecule of molecular weight 68,000 (and possibly a single 
chain) the anticipated result would be an initially rapid reaction between those 
—SS— groups which happen to be close together, followed by a much slower 
reaction involving random intermolecular coupling leading to polymerization 
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and gel formation. The final knotted 3-dimensional network would be expected 
to enclose a number of “ trapped ” —-SS— and —SH groups which are prevented 
from reacting by their inaccessibility. Instead we find that in the presence of 
urea the reaction proceeds to completion within a few minutes with no gelling 
of the solution and the same is true for insulin and ribonuclease. It is difficult 
to imagine that urea confers the degree of flexibility which formula I would 
demand. 

In view of the ease of the reaction it seems more likely that the final product 
has the formula II in which the HgCl, links up only sulphur atoms which were 
formerly linked as —SS— bonds. This would involve no major configurational 
rearrangements, would lead to no polymerization, and might be expected to be 
rapid and complete. There are several pieces of corroborative evidence. For 
example, the reaction of excess HgCl, with the “ natural ’” —SH groups of proteins 
(see Section III (e)) occurs with a mixed 1:1 and 1:2 stoichiometry even in 
the presence of urea, emphasizing the difficulty of pairing distant sulphur atoms. 
In addition; the reaction with natural —SH groups is much slower than with the 
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—SH groups derived by splitting —SS— bonds with Na,SO,. This would be 
explicable if in the latter case the HgCl, molecule had only to insert itself between 
the two severed sulphur atoms. It is difficult to visualize the route by which II 
is reached and without further data it would not be profitable at this stage 
to speculate further on the mechanism. 
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THE REACTION OF THIOL AND DISULPHIDE GROUPS WITH 
MERCURIC CHLORIDE AND METHYLMERCURIC IODIDE 


Il. FIBROUS KERATINS 
By 8S. J. LEAcu* 
[Manuscript received February 4, 1960] 


Summary 

The reaction of HgCl, with wool has been studied polarographically over the pH 
range 1 to 9 under various conditions. At pH 1 to 6 the salt appears to be bound in 
the un-ionized form probably at amide and peptide group sites. The binding is greatly 
suppressed in the presence of complexing anions such as Cl- and 8,05 F soy also 
has this complexing effect but in addition produces new —SH binding sites by reversibly 
splitting —SS— bonds. This splitting proceeds to completion at pH 7 to 10 in the 
presence of an excess of mercurial, HgCl, requiring several days and MeHglI several 
hours. The reaction of keratins with SO; and mercurials may be followed polaro- 
graphically and has provided a convenient method of preparing keratins with zero 
or decreased —SS— bond contents. 

The reaction rate increases in the presence of 8m urea and then forms the basis 
for new analytical methods of measuring the —SS— content of intact keratins. The 
keratin (7-5 mg or more) is reacted with Na,SO, in 8m urea (5 ml) for at least 24 hr 
(with excess HgCl,) or 2 hr (with excess MeHgI) at 20°C. Single current readings at 
—1-0 and —0-8 V (v. S.C.E.) respectively at the dropping mercury electrode indicate 
the residual mercurial and hence by difference the (—SS— plus —SH) content. The 
—SH content of intact keratins is estimated by reacting say 25 mg with excess MeHgI 
at pH 7 for at least 4 hr at 20 °C in the absence of so, . This mercurial reacts much 
more rapidly with the —SH sites in keratin than do other mercurials. 


I. INTRODUCTION 

Mercuric salts are taken up in large amount by keratin fibres and produce 
marked effects on the physical and mechanical properties (see e.g. Speakman 
and Coke 1939; Speakman, Stoves, and Bradbury 1941; Barr and Speakman 
1944; Moncrieff 1953; Alexander and Hudson 1954; Barr 1955). However, 
the effects depend on the particular salt used. The acetate for example confers 
shrink-resistance on wool fibres (Speakman, Stoves, and Bradbury 1941; Barr 
and Speakman 1944) whilst the nitrate promotes the felting of rabbit fur fibres 
(Barr 1955). These differences in behaviour may be related to the relative 
proportions of covalent and ionic character in each salt,f which lead in turn to 
differing modes of attack. Itis clearly important to know more about the possible 
types of binding and the sites in the protein molecule at which binding occurs. 
This information is required also for identifying binding sites with certain 


* Division of Protein Chemistry, C.S.I.R.O. Wool Research Laboratories, Parkville, Vic. 
+ The chloride, bromide, iodide, and acetate are largely covalent and not very water soluble, 
but the nitrate, sulphate, and fluoride are highly ionized and quite soluble. 
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intensifications in X-ray diffraction patterns arising from heavy metal treatments 
(Fraser, MacRae, and Rogers 1960). 


Part of the present investigation is concerned with the mode of attack of 
HgCl, and monofunctional mercurials (RHgX) on wool, and the way in which 
this attack is modified in the presence of anions and different hydrogen ion 
concentrations. In particular, the conditions have been investigated under which 
MeHgI may be used as a specific reagent for either blocking or estimating the 
free —SH groups in keratins. The advantages of MeHgI over other —SH 
reagents with respect to reactivity, specificity, and ease of estimation have 
already been discussed (Leach 1960). 

Aithough it has been customary to determine the —SH content of keratins 
after preliminary acid hydrolysis, the results can be misleading since the con- 
ditions of hydrolysis are so drastic as to cause some oxidation of existing —SH 
groups and produce new ones by breakdown of —SS— groups. Zuber, Traumann, 
and Zahn (1956) estimated —SH groups in intact wool by reaction with fluoro- 
dinitrobenzene, followed by subsequent hydrolysis, paper electrophoresis, and 
spectrophotometry of the eluted S-dinitrophenylcysteine. Burley (1956) and 
Burley and Horden (1957) estimated the free —SH groups in intact wool by 
supercontracting and reacting with either 1-(4-chloromercuriphenylazo)naphthol-2 
or N-ethylmaleimide. The extent of uptake was measured spectrophoto- 
metrically. Human (1958) used 3-chloromercuri-2-methoxypropylurea as an 

-SH reagent and estimated its uptake by intact wool in the presence of 8m urea 
by a polarographic method. In both methods, complete reaction takes 240-290 hr 
and the —SH specificity of the reagents is not proven. 

The present paper concerns the use of HgCi, and MeHgI in the presence 
of Na,SO, for: 

(i) Splitting —SS— bonds irreversibly in keratins so as to produce a range 
of samples with —SS— bond contents ranging from normal down to zero. Such 
a range, produced under conditions which cause minimal damage to the fibres, is 
valuable for example in foliowing the effects of —SS— bond fission on physical 
and mechanical properties. Existing oxidative and reductive methods cause 
physical damage since if complete fission is required, they must be carried out in 
media such as urea or formic acid which are powerful swelling agents. 

(ii) Estimating the (—SS— + —SH) content of intact keratins. As with 
—SH, methods which have been in common use require preliminary hydrolysis of 
the protein. The hydrolysate may then be analysed by the colorimetric Folin- 
Marenzi method as modified by Shinohara (1935) or by amperometric titration 
with HgCl, (see eqns (1) and (2)) as described by Stricks, Kolthoff, and Tanaka 
(1954). As with —SH determination, problems arise as a result of hydrolytic 
breakdown and coloured hydrolysates (Human 1958; Leach 1956, 1959, 1960 ; 
Maclaren, Leach, and O’Donnell 1959). These difficulties may be avoided by 
adapting the method of Stricks, Kolthoff, and Tanaka so that it may be applied 
to the intact keratin. The reactions involved are: 


RSSR+SOz = RS-+RSS8O;, ............ (1) 
2RS-+HgCl, > (RS),Hg+2Cl-. ............ 
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Both reactions proceed too slowly with fibrous keratins to be used in ampero- 
metric titrations. However, Human (1958) has shown that if keratins are allowed 
to react for several days with excess SOF in the presence of urea and an excess of 
the monofunctional mercurial “‘ neohydrin ”, reaction (1) proceeds to completion. 
The content of (—SS— + —SH) is indicated by the amount of neohydrin 
consumed and this is estimated by plotting polarographic current—voltage curves 
before and after reaction. In the present paper, reactions (1) and (2) have 
been used in a similar way and conditions found u»der which they proceed most 
rapidly. Preliminary results with HgCi, have aiready been reported (Leach 
1959). HgCl, and MeHgl are both satisfactory reagents for —SS— estimation, 
although MeHgI reacts more rapidly and is preferred for chemically reduced or 
otherwise modified wools where the stoichiometry of reaction (2) for HgCl, 
is not so well defined. 


II. EXPERIMENTAL 
(a) Materials.—The wool used for experiments on the uptake of HgCl, both in the absence 
and presence of Na,SO, was from a Merino 64’s top which had been both soap—soda and solvent 
scoured. Fibres from Corriedale 56’s top were used for measuring changes in the strength of fibres 
after reaction with mercuric salts. Other fibre samples, such as Lincoln 36’s locks, human hair, 
and rabbit fur were solvent scoured before use, and moisture contents determined on separate 
samples which were then discarded. 


Doubly glass-distilled water was used throughout. Buffer salts and mercurials such as 
neohydrin, HgCl,, and MeHgI have been specified elsewhere (Leach 1960). 

(b) Apparatus.—The polarograph cells and electrodes have been described in Part I of this 
series (Leach 1960). 

(c) Methods.—For measuring the rate of uptake of HgCl, by keratins, the ratio of solution to 
sample was 200 ml to 300-1000 mg. The solution contained buffer salts, HgCl, (say 5x i0-*m), 
gelatin (0-005-0-010%) as polarographic maximum suppressor,* and other additives including 
KCl (0-1m). The procedure for the four monofunctional mercurials was similar but 100 mg 
samples of Merino 64’s wool were added to 20 ml aliquots of mercurial (4x 10-*m). After wetting 
out the wool, the flasks were stoppered and shaken gently at 20+1‘°C. Two control solutions 
were also left shaking, containing all ingredients except (i) wool and mercurial, and (ii) wool. 
At intervals a few ml of solution were removed from each of the three flasks and transferred to 
polarographic cells for running current—voltage curves. It was necessary, particularly with HgCl, 
at acid pH values, to add a little purified CHCl, so as to prevent a scum forming on the surface 
of the Hg pool. From the current—voltage curves, a suitable potential on the plateaux cf the 
curves was chosen and currents were measured at this fixed potential. The solutions were 
returned to the flasks and the uptake of mercurial after any time (¢) was then calculated from the 
expression 

“tank "a x x 10° wmoles mercurial per g wool, .......... (3) 

‘blank—‘res  @ 
where ipjank is the current for the mercurial solution (molality m) in the absence of wool, ip., is 
the residual current for the supporting solution in the absence of either mercurial or wool, ¢, is 
the diffusion current for the mercurial solution after reaction of v ml with w mg (dry weight) of 
wool for time ¢. 

For measuring rates of reaction in the presence of Na,SO, (0-2m), wool was shaken with 
HgCl, (5x 10-*m) and monofunctionals (10-*m) at pH 6-3 to 9-3. In preparing the solutions of 
MeHglI it was necessary to dissolve it first in formdimethylamide. Reactions with all mono- 
functional mercurials were carried out in 25% formdimethylamide except when urea (8m) was 


* Polyacrylamide was found to produce gels with HgCl,. 
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present. The uptake of HgCl, was followed at applied potentials of —0-35 to —0-5 V and of 
MeHglI at —0-8V. 

The procedures for determining —SH or (—SS— + —SH) are described in detail in the 
Appendices. 

Elemental analyses were carried out by Dr. K. Zimmermann of the C.S.I.R.O. and University 
of Melbourne Microanalytical Laboratory. 


III. RESULTS AND DISCUSSION 
(a) The Uptake of HgClz by Wool 
At pH 0-8-1-0 (0-2N HCl), current-voltage curves of HgCl, showed flat 
current plateaux from —0-1 to —1-0 V and a voltage of —0-5 V was chosen 
for estimating HgCl, uptake. There is no “ trough” (Stricks, Kolthoff, and 
Tanaka 1954) at this or higher pH values and potentials of —0-5 V were also 
used in experiments at pH 6 and 9. The rate of uptake of HgCl, at pH 1 using 
100 mg wool per 20 ml HgCl, (5 x 10-4m) at 20 °C is shown in Figure 1, curve (a), 
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Fig. 1.—The rate of uptake of HgCl, (5 x 10-4m) by wool at 20 °C, in the absence 
of Na,SO, or urea. 
(a) pH 1. 100mg wool per 20 ml HCl (0-2m) containing HgCl,. (6) pH 6. 
30 mg wool per 20 ml acetate buffer containing HgCl,. (c) As (b) with KCl 
(0-25 or 0-50m). (d) pH 9. 30mg wool per 20ml tris buffer containing 
HgCl,. (e) As (d) with KCl (0-25 or 0-50). 

Experimental points are omitted for the sake of clarity. 


from which it is seen that there is a final equilibrium uptake of 80 umoles HgCl, 
per g wool. Of the sites at which this uptake occurs, only a few can be —SH 
groups since (i) more than two HgCl, molecules per —SH group would be required 
at each of the 35 —SH groups known to be present, and (ii) after blocking 35 
to 40 —SH sites with MeHgI (see Appendix I), reaction with HgCl, at pH 1 
still gave an uptake of 70 umoles HgCl, per g wool without any displacement 
of MeHgCl. This mercurial can be readily detected polarographically even in 
the presence of excess HgCl,. In some experiments the uptake of HgCl, was 
even closer to the value for untreated wool, suggesting that at this low pH HgCl, 
is unable to react with most of the —SH groups in wool. 
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When (—SS— + —SH) was estimated (see Appendix I) en wools which 
had been treated with HgCl, at pH 1, the HgCl, uptake was 73 ymoles less than 
for untreated wools. However, this does not necessarily prove that the sites of 
uptake at pH 1 are —SS— linkages. Wherever the HgCl, molecules are bound, 
they are probably released later during the estimation of (—SS— + —SH) 
and become available for reaction. 

Although the uptake of 80 umoles HgCl, per g wool was invariable under 
fixed conditions, it could be increased by increasing fourfold the ratio of HgCl, 
solution (still 5x10-‘m) to wool. The initial rate of uptake was unchanged 
but this rate fell off less rapidly with time and reached a constant uptake of 
140 umoles HgCl, per g wool. This marked dependence on the concentration 
of mercurial remaining suggests weak binding at, say, basic or acidic sites rather 
than at sulphur atoms, where one might expect equilibrium constants which 
overwhelmingly favour the complex. However, simple basic sites are excluded 
since the addition of free histidine and/or arginine to the solutions in double the 
amount present in the wool sample had a negligible effect on the rate or final 
uptake of HgCl,. Similarly, simple acidic sites cannot be responsible since 
(i) esterified wool* showed very rapid uptake and within 3 hr reached an 
equilibrium value 30 per cent. higher than untreated wool, and (ii) the presence 
of acetate buffer did not affect the uptake of HgCl, at higher pH values. 

To obtain further information about the nature of the HgCl,-binding, the 
effect of various complexing agents was examined. Neither the shape of the 
polarographic curves, the rates, nor final equilibrium uptakes of HgCl, were 
greatly affected by adding ethylenediaminetetra-acetic acid (2-5 x10-%m), 
NH,Cl (5 x10-*m), or barbituric acid (5 x10-*m). These substances failed to 
compete with the keratin binding sites for HgCl,, probably because the HgCl, 
is already complexed strongly with Cl-. This ion is known to provide 
complexes of the form : 

- = 
HgCl, > HgCl3 = DO: <satedeenuay (4) 

and in these equilibria the concentration of neutral HgCl, molecules is very low 
(Allen and Warhurst 1958 ; Scaife and Tyrell 1958). This concentration may be 
decreased still further by increasing the Cl- concentration. Under conditions 
where the uptake of HgCl, was 140 umoles per g of wool, the addition of KCl 
(0-5m) at pH 1 decreased the uptake to 60 ymoles per g. With 0-8m KCl the 
uptake decreased to 40-50 umoles HgCl,. This suggests that the neutral HgCl, 
molecule may be the reactive species in acid solution rather than HgCls or HgCl;y . 
If suitable positively charged binding sites exist, they may be inaccessible under 
these conditions. 

At pH 6 the uptake of HgCl, by wool proceeded rapidly beyond that found 
at pH1. For example, Figure 1, curve (b) illustrates the uptake of HgCl, 
(5x10-*m in 0-1M acetate) using 200 ml solution with 300mg wool. After 
350 hr, 373 umoles HgCl, had been taken up per g wool and no HgCl, was left 
in solution. Very similar curves were obtained for Merino 64’s and Corriedale 
56’s samples. However, this increased uptake at pH 6 is not simply a pH 


* Kindly provided by Dr. J. A. Maclaren. 
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effect since it decreased dramatically to the amount found in HCl when KCl 
(0:25M) was added as shown in Figure 1 (c), and increasing the KCl concentration 
to 0:50M had no additional effect. As at pH 1, the addition of free histidine or 
arginine to the solution had no effect on HgCl, uptake in the presence of KC). 
Esterification of the wool however increased the rate of uptake considerably 
(ef. pH 1) and also doubled the equilibrium uptake of HgCl,. This result is 
difficult to explain except on the basis of increased accessibility of binding sites 
other than basic or acidic ones. This idea is supported by the fact that chemical 
treatments which destroy the disulphide links of wool lead to an enhanced 
reaction with HgCl,. For example, under conditions (pH 6 with 0-5m KCl) 
where a control wool reacted with 86 umoles HgCl, per g, treatment with Na,SO, 
and HgCl, to remove all disulphide bonds (see Section ITT (c)) led to a subsequent 
uptake of 350 umoles HgCl, per g wool. Similar increases were observed for 
wools which had been reduced with thioglycollic acid followed by alkylation 
with iodoacetate. These fully reduced wools swell markedly in water, probably 
because the polypeptide chains can be more readily separated, and this may allow 
free access of HgCl, molecules. This experiment eliminates the disulphide and 
thiol groups as possible binding sites. It is noteworthy that silk fibroin and 
gelatin, which contain no sulphur amino acids, also absorbed large amounts of 
HgCl, under the same conditions as wool. 

At higher pH values in the presence of 0-01mM KCl, the uptake of HgCl, 
was 260 umoles HgCl, per g wool at pH 9 (tris buffer) after 16 days at 20 °C 
with no indication of an approach to equilibrium value (see Fig. 1 (d)). However, 
unlike the behaviour at pH 1 to 6, the addition of KCl (0-25M) accelerated the 
uptake rather than suppressing it (Fig. 1 (e)). Increasing the KCl concentration 
to 0:50M had little effect beyond that of 0-25m. It is possible that on the 
alkaline side of the isoelectric point the anion HgClq is reactive as well as HgCl,. 
The wool will be more highly swollen at pH 9 than at acid pH values and new 
reaction sites may become accessible. The effect of Cl- could be not only to 
increase the concentration of HgCly but to screen the net negative charge of the 
protein at this pH and facilitate the approach of the HgCl, anions. Certainly, | 
accessibility presents no limitations to uptake at pH 9, since in the presence 
of KCl (1M) and 8 urea as a swelling agent the uptake of HgCl, followed curve 
Figure 1 (d) fairly closely. It was possible to suppress the uptake of HgCl, 
considerably at pH 9 (NH,CI-NH,OH buffer) by adding Na,S,O, (0-2M) as 
complexing anion. Under these conditions, there was zero uptake after 72 hr 
and only 64 umoles HgCl, per g wool after 190 hr. 

Summarizing, the sites for HgCl, uptake are apparently neither basic, acidic, 
disulphide, nor thiol groups. They are very numerous, Speakman and Coke 
(1939) having observed uptakes as high as 2000 umoles per g keratin. The 
accessibility of the sites is increased by raising the pH or by breaking disulphide 
linkages. The strength of binding of HgCl, with these sites is not so great as 
with sulphur anions or (at pH 1 to 6) as with Cl-, but exceeds that with simple 
N-chelates, barbiturate, or acetate. Speakman and Coke suggested that Hg(Cl, 
combines with the basic side chains, thiol groups, and possibly the —NH — groups 
of side chains and peptide links. The latter suggestion is more in accord with 
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the present work and is supported also’ by the observation that polyacrylamide, 
containing no reactive groups othey than amide side chains, absorbs HgCl, 
under similar conditions to wool. 

Absorption of HgCl, by wool in HCl (0-1N) is accompanied by an increase 
in strength of the fibres (Speakman and Coke 1939). This has been confirmed 
in the present work. Whilst the average reduction in F's, (the force to extend by 
30%) after treatment in HCl alone was 13 per cent., subsequent treatment in 
HgCl, (0-1M) in HCl (0-1M) gave an average increase in F’,, of 7 per cent. based 
on the HCl-treated fibre. If the fibres were treated at the outset in the acid 
HgCl, solution, the average decrease in F'4, was only 7 per cent. These effects 
are more pronounced than those found by Speakman and Coke. At pH 6 the 
increases in strength were even more pronounced, although the fibres lost some of 
their elasticity and after stretching returned to their original length very slowly. 
The effects of HgCl, at pH 1-6 on the elastic properties of wool favour the idea 
of chelation rather than of bond-breaking reactions which would be expected to 
have a weakening effect on the fibres. It seems likely that the HgCl, molecules 
penetrate suitable ‘“ cavities”’ in the keratin structure and each coordinates 
at more than one —CONH— or —OONH, site. Heavy-metal labelling of 
protein crystals for X-ray diffraction studies suggests that the shape of such 
cavities is probably more critical than the nature of the chelating groups in 
determining the number of atoms bound and their strength of binding. The 
cross-links produced along and between chains in this way would account for the 
strengthening effect of the treatment. Chemical treatments such as —SS 
bond cleavage, or COOH esterification probably disorganize the keratin 
structure and open up fresh —CONH sites to attack. 

It is possible that the extent of binding of ions by large protein molecules 
may not be predictable in terms of the known properties of the component amino 
acids. Klotz and Luborsky (1959) have recently proposed an attractive theory 
of protein-ion binding in which the two complexing molecules are first surrounded 
by imperfect sheaths of oriented water molecules. On combination with each 
other the sheaths are coupled to provide an enhanced stability and regularity of 
structure for the solvent water held by the complex. In terms of such a theory 
one might expect that hydrated HgCl, molecules fill up “ imperfections ” in the 
less hydrated portions of the keratin molecules and that part of the binding 
energy arises from the stabilization of the ice-like hydration lattice. It would 
therefore be difficult to explain quantitatively the amount or nature of binding, 
particularly as this would vary with the configuration of the protein molecules. 


(b) The Uptake of Monofunctional Mercurials by Wool 

Four mercurials were used, viz. RHgX where R=Me_ or 
CH,CH(OMe)CH,NHCONH, (neohydrin) and X=Cl or I. The polarographic 
behaviour of these compounds has already been described (Human 1958 ; Leach 
1960). For the methyl compounds, the pH values for reaction were approxi- 
mately 1, 5-6, 6-8, and 9 and the height of the first reduction wave (e.g. see 
Fig. 2) was taken as an estimate of the concentration of mercurial remaining 
after any given time. Since the two reduction waves do not separate completely 
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below pH 7 (Leach 1960), neohydrin was investigated only at pH 5-6, 6-8, and 9, 
and current values were measured on the plateaux of the second wave except 
at pH 9. The rates of uptake for the neohydrins are shown in Figure 3. The 
chloride appears to react a little more rapidly than the iodide at all pH values 
and whilst there is no difference in rate between experiments at pH 5-6 and 
6-8, there is an increase for both halides when the pH is raised to 9. However, 
as observed by Human (1958) for the chloride, at pH 7 all six rates were very 
slow and none came to an equilibrium before 72 hr. Rates could be increased at 
higher concentrations but aliquots had then to be diluted for polarographic assay 
in order to preserve a linear 7, v. C relationship. These are disadvantages from 
the analytical standpoint. In addition it is probably unsafe to leave wool at 
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Fig. 2.—Determination of —SH groups in fibrous keratins. Current—voltage 

curves for MeHgI (4x 10-‘m) at pH 7-2 (tris buffer) in the presence of KCl 

and 0-01 per cent. gelatin: (a) before reaction with wool; (b) after reacting 

88-8 mg Merino 64’s wool with 20 ml MeHglI for 4 hr at 20°C. The drop in 

current at —0-8 V corresponds to a value of 37 moles —SH/g wool. There was 
no additional uptake even after 88 hr. 


pH values above 9 for long periods since this may lead to a slow hydrolytic 
fission of —SS— bonds, particularly in the presence of mercurials to react with 
the products. This probably accounts for the continued uptake of neohydrin 
chloride at pH 9-4 even after 170 hr. 

The uptake of MeHgCl (5 x10-*M) was also very slow, e.g. at pH 1 (HCl) 
the value was only 8-2 pmoles after 72 hr and 13 wmoles after 170 hr. Under 
similar conditions, MeHgI was absorbed much more rapidly and the uptake 
amounted to 23-30 umoles per g after 24hr. However, MeF;I is less stable 
than MeHgCl at pH 1 and whilst polarograms appeared normal tor the first 24 hr 
at 20°C, on more prolonged storage a new reduction wave slowly appeared, 
consistent with hydrolysis to HgICl (Leach 1960). In the presence of wool this 
wave did not appear, probably because the hydrolysis product was absorbed by 
the —SH groups. At higher pH values MeHgI solutions could be stored for 
prolonged periods without decomposition. The reaction of wool with MeHglI 
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(4x 10-‘m) at pH 5-6, 7-4, and 9-1 was much more rapid than with any of the 
other mercurials. In every case, uptake reached an equilibrium value within 
4 hr, and this value was unchanged after 48 hr. Mean values for 6 determinations 
at each pH were 35 umoles per g at pH 5-6, 40 at pH 7-4, and 41 at pH 9-1. In 
the presence of 8M urea, the uptake was no more rapid and the equilibrium 
values were unchanged at 33, 34, and 38 umoles per g respectively. 

The attack of monofunctionals of the type RHgX on proteins is more limited 
and selective than the attack of HgCl,, since the former do not complex so readily. 
These facts are illustrated by the finding that the solubility of HgCl, in water is 
markedly increased in the presence of KCl, whereas that of MeHgI is unaffected. 
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Fig. 3.—The rate of uptake of neohydrin halides (4x 10-*m) by 

Merino 64’s wool at 20°C (0-01% gelatin). 

(a) Neohydrin chloride at pH 9-4 (NH,CI-NH,OH) ; (6) neohydrin 

iodide at pH 9-1 (NH,CI-NH,OH); (c) neohydrin chloride at 

pH 5-6 and 6-8 (acetate) ; (d) neohydrin iodide at pH 5-6 and 6-7 
(acetate). 


The mercurials used by Burley (1956) and Human (1958) reacted very slowly with 
wool to the extent of 22-30 umoles per g wool. From work on the —SH 
specificity of mercurials (e.g. Leach 1960) it is reasonable to assume that this 
figure represents the —SH content of the wool. It is not known whether all of 
these groups exist as such or whether some exist in labile thiazoline rings or 
thiol esters (Linderstrom-Lang and Jacobsen 1941) which split at various rates 
in the presence of —SH reagents. To estimate free —SH groups as against 
those ‘“‘ combined ”’ in such structures or arising from hydrolytic fission of —SS - 

bonds, it is probably safer to work at neutral pH than in acid or alkaline solutions. 
The reason for the rapid uptake of MeHgI by wool as compared with the other 
mercurials is seen to be not only its relatively small size but also its highly 
reactive iodo group. Whilst MeHgCl is the smallest of the mercurials examined 
and might therefore be expected to diffuse most rapidly into wool, its chloro 
group is less reactive than the iodo group both with respect to hydrolysis at pH 1 
and reaction with —SH groups at other pH values. It has not been established 
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how much if any of the mercurial uptake is due to ‘** non-specific ’’ adsorption 
(Burley and Hordon 1957; Human 1958). This factor should, however, be 
minimal for MeHgI where there are no extra polar groups or benzene rings 
which might promote adsorption at sites other than —SH. 

These results form the basis of the procedure recommended for the deter- 
mination of —SH groups in keratin fibres. This is described fully in Appendix I 
and some results using this method are shown in Table 1. 


TABLE 1 
DISULPHIDE, THIOL, AND SULPHUR ANALYSES OF SOME KERATIN SAMPLES 
Sulphur analyses are by Dr. K. Zimmermann of the C.S.I.R.O. and the University of Melbourne 
Microanalytical Laboratories 





(—SS SH) Content, pH 9 with SO, 
at 20°C Ss 
SH Content 
Content* Uptake Cale. Ss 
by MeHgl Total of from | Content 
Keratin | Uptake at Uptake | HgCl, (—SS Found 
pH7 Method of or SS (%) 
(umoles/g HgCl, MeHglI | Groups§ SH) 
keratin) or by (%) 
MeHglI+ SS 
Groupst 
(umoles/g keratin) 
Merino 35 (a) HgCl, complete | 263 228 456 3:03 |) 
64’s wool titration 
4 263 246) | 492 3-26 
(6) HgCl, single point 263 246 492 3°26 
titration | 
(c) MeHglI single point 3°46 
titration in 
(i) Urea 512 477 477 
(ii) Formdimethyl- Ly 16 
amide (25%) 511 $76 176 J J 
Lincoln 40) (c) MeHgI 
36's wool (i) Urea 558 518 518 3-44 
(ii) Formdimethyl- ae 
amide DDS 518 518 3-44 J 
Rabbit fur 61 (6) HgCl, 322 261 522 3-54 \a02 
os 322 292 584 3-93 
Human 41 (c) MeHgl ; 
hair (i) Urea 776 725 735 4-383 
(ii) Formdimethyl- 5°35 
amide 806 765 765 5-03 } 
* For triplicate determinations, the standard deviation of the mean was +1-3. 


Calculated using expressions (5) and (3) respectively from the text. 
Calculated assuming that HgCl, reacts 1:1 with the normally-oceurring —SH groups of 
keratin. 


+ 
+ 
+ 


§ For triplicate determinations, the standard deviation of the mean was +7:5. 
|| Calculated assuming that HgCl, reacts with the normally-occurring —SH groups in the 
ratio 1HgCl, to 2 —SH groups. 
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(c) The Uptake of HgCl, in the Presence of Na,SO, 
In the presence of Na,SOg,, as in its absence, the diffusion currents measured 
—0-35 and —0-5V on the polarographic current—voltage plateaux were 
proportional to the concentration of excess HgCl, over the pH range 6-3 to 9. 
Solutions more acid than pH 6-3 could not be used since the reduction wave of 
HgCl, was completely masked by that of HSO;. The SO3 ion has two effects. 
It complexes with HgCl, and prevents attack at sites other than —SS— and 
—SH. It also splits —SS— bonds reversibly according to equation (1) producing 
—SH groups which, in the presence of HgCl,, react as in equation (2). With 


at 


cystine and soluble proteins, these reactions form the basis of amperometric 
titration methods for estimating disulphide (e.g. Stricks, Kolthoff, and Tanaka 
1960). 


1954; Leach However, with insoluble keratins, the reactions proceed 
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Fig. 4.—The rate of uptake of HgCl, (5 x 10-‘m ; 200 ml) by wool (300 mg) in the presence 
of Na,SO, (0-2m) at 20°C. (a) and (b) in the absence of urea. 


(a) Merino 64’s wool: © at pH 6, [| at pH 8-70. Points at pH’s 6-80, 7-25, and 


8-25 are not shown as they coincided with those shown ; 


(b) Lincoln 36’s wool at 


pH 6-70; 


(c) Merino 64’s wool at pH 6-9 in presence of urea (8M). 





too slowly for direct titration. The rate of uptake of HgCl, (50% excess) by 
wools in the presence of Na,SO, is shown in Figure 4. Assuming a stoichiometry 
of 0-5 HgCl, per —SS — group and ignoring for the present the free —SH groups, 
it is seen (Fig. 4 (a)) that at pH 6-8 the final equilibrium uptake by Merino 64’s 
wool (265 umoles per g) corresponded after 96-120 hr to approximately 
530 umoles (—SS -SH) per g wool, agreeing quite well with the known 
value for this wool. At the same pH the uptake by Lincoln 36’s wool was 
consistently slower, the value after 1500 hr being 198 umoles HgCl, per g corres- 
ponding to only 70°%, of the expected value for reaction with all the —SS— 
and —SH groups. 

The rate of the —SS— splitting reaction appears to be unaffected by pH 
and rates at pH 6-35, 7-25, 8-25, and 8-70 measured on Merino 64’s wool, 
all fell on curve (a) of Figure 4. Since the rate of the sulphite-splitting reaction 
(1) is known to be pH-dependent (Elsworth and Phillips 1938), the rate-deter- 
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mining step over the experimental pH range is probably reaction (2),* which 
may be partly diffusion-controlled, and this reaction appears to vary little in 
rate up to pH 8-7. 

In the presence of urea (8M) the rate of uptake of HgCl, was accelerated. 
Concentrations of HgCl, were again measured by means of the polarographic 
currents at —0°35 V (pH 6 and 7) or —0-5 V (pH8). At pH9 and 10 the 
current-voltage plateaux were more extended, althoug: a ‘‘ trough ” (Stricks, 
Kolthoff, and Tanaka 1954) appeared due to dissolved wool. This did not 
interfere with the estimations if current measurements we: made at —1-0 V. 
The effect of urea was most marked at pH 9 and 10, where re \ tion was complete 
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Fig. 5.—The rate of uptake of HgCl, (5 x 10-4m) by Merino 64’s wool in the presence of 
Na,SO, (0-:2m), KCl (0-5), urea (8m), and gelatin (0-005%). Each point is the mean 
of a duplicate determination with 30 mg wool and 20 ml solution, buffered with NH,Cl 
(0-1m) and NH,OH (0-1). 
© pH9 at 28°C 
©] pH 9-8 at 2°C 
A. pH 9-8 at 28 °C—curve (bd). 


curve (a). 


after a few hours. At pH 7 and 8 (see Fig. 4 (c)) reaction still took 24 hr, whilst 
at pH 5-8 the uptake of HgCl, was not much faster in the presence of urea than 
in its absence. The final values in each case approximated to those in Figure 4 (a). 
Pretreatment of wool in urea—Na,SO,-KCl at pH 9 for periods of 24-170 hr did 
not increase the rate of uptake of HgCl, when this was subsequently added to 
the solution. For the rapid determination of (—SS— + —SH) it is therefore 
necessary to add the HgCl, at the outset. 

These conditions are explored more fully in Figure 5. No uptake occurred 
beyond the expected value of 258 ymoles HgCl, per g of Merino wool at pH 9 
and 28 °C or at pH 9-8 and 2 °C. Under both conditions, reaction was complete 
within 24 hr. When the higher pH was used at the higher temperature, uptake 


*See Section III (d) for additional evidence. 
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continued beyond the (—SS— + —SH) stage and showed no sign of ceasing 
even after 170 hr (Fig. 5 (b)). These observations form the basis of “ recom- 
mended methods” for determining (—SS— + —SH) groups in keratins (see 
Appendix II (a) and (b)). The relevant current-voltage curves are shown in 
Figure 6. In routine estimations it is necessary only to measure the diffusion 
current at a fixed potential of —1-0V. This avoids the “ trough” due to 
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Fig. 6.—Determination of (—SS— + —SH) groups in fibrous keratins—method (6). 

The reaction of Merino 64’s wool with excess HgCl, (5x 10-‘m ; 20 ml) at pH 9-3 in the 

presence of urea (8m), Na,SO, (0-2m), and KCl (0-5m). 

(a) No wool added (tpjank=2°40 uA); (6) after reaction with woo! (27 mg) for 24 hr 

i,=0-91 uA; (c) after reaction with wool (52mg) for 24 hr i,;=0-30 A ; (d) sup- 
porting medium, omitting HgCl, and wool, i,.,=0-16 uA. 


dissolved wool which may be seen in Figure 6 (b) and (c). The method of calcu- 
lation, using expression (5) : 


tplank —?tq+-ts0l —tres ., VM , 
HgCl, uptake= "ek ——¢* "sol "res x 10® moles per g keratin, 
Uplank — tres u 


where tpjianky ¢¢; tresy V,; mM, and w have the meanings ascribed in expression (3), 
takes into account the increase in the residual current due to the electroreduction 
of dissolved wool (=i,.)). This factor was pointed out by Dr. J. A. Maclaren, 
Dr. J. M. Swan, and Mr. W. G. Crewther (Crewther and Dowling 1960). Failure 
to apply the correction due to io, makes the preliminary data of Leach (1959) 
low by a factor of 7-10 per cent. and the agreement in sulphur balances was 
fortuitous. i,,; is determined by reacting an aliquot of the ‘‘ stock ” solution 
with an excess of wool so that all the HgCl, is consumed. The current at —1-0 V 
is almost independent of the amount of excess wool and gives igo). 


Results obtained using this method of analysis are shown in Table 1 for 
Merino 64’s wool and rabbit fur. The validity of expression (5) as used in 
Appendix II (b) is proved by the fact that the resuits agree with those obtained, 
using the method of Appendix II (a). The latter is seen from Figure 7 to be a 
“ protracted ” titration procedure which is more laborious than that of (6), but 
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which involves no assumptions 
is theoretically more sound. 
Whilst it is known that HgCl, behaves bifunctionally towards the —SH 
groups produced in reaction (1), its stoichiometry with respect to the 35 
‘‘normal’’ —SH groups of wool is by no means certain. This stoichiometry 
should be known before the HgCl, uptake (263 umoles per g) can be translated 
into a value for (—SS— + —SH). Attempts were made to determine the 
uptake of HgCl, in the method of Appendix II (b) due to the —SH groups alone, 
by omitting Na,SO, or replacing it by Na,S,O,. The results were not decisive, 
as the uptake of HgCl, always continued slowly beyond the 1:1 stage, but they 
at least indicated that the stoichiometry was nearer to 1:1 (SH: HgCl,) than 


about 7,9, or the validity of expression (5) and 
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Fig. 7.—Determination of (—SS— —SH) groups in fibrous keratins-method (a). 


Complete amperometric titration of Merino 64’s wool with HgCl, at pH 9 in the presence 

of urea (8m), Na,SO, (0-2m), and KCl (0-5m). Each point represents a replicate in 

which wool (27 mg) was left to react for 24 hr with differing amounts of HgCl, under 

the above conditions and at 20°C. The end-point corresponds to a value of 456 moles 
SS—/g wool, after allowing for 35 ureoles —SH. 


2:1. This would be in agreement with the results for soluble proteins such as 
bovine serum albumin (Hughes 1949) and haemoglobin (Allison and Cecil 1958) 
reacting with HgCl, in excess. A 1:1 stoichiometry would also be expected 
on the grounds that the normal —SH groups in keratins, having escaped oxidation 
in the natural keratinization process in the growing fibre follicle, would probably 
be too far apart to permit coupling via a mercury atom. The calculated values 
of —SS— content, assuming each type of stoichiometry, are shown in Table 1. 
The values obtained by the method of Appendix II (c) using MeHgI are free of 
these uncertainties and should in principle permit of a decision on the stoichio- 
metry of the HgCl, reaction with —SH. Unfortunately, as seen from the table, 
the result for MeHgI (477) falls midway between the two values for HgCl, (456 
and 492). For normal keratins, the —SH content is sufficiently low for this 


* 
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degree of uncertainty to be unimportant, and the 1:1 stoichiometry may be 
assumed without incurring much error. For keratins of higher —SH content, 
the method of Appendix II (c) using MeHgI is recommended. 

The analytical results using these methods might be expected to yield 
somewhat higher values for the —SS— contents of keratins than colorimetric 
or amperometric methods based on preliminary hydrolysis. In general this has 
been observed (Leach 1959, 1960). 

However, the discrepancies are smaller for normal keratins than for 
chemically modified ones (Maclaren, Leach, and O’Donnell 1959; Leach 1960). 


Lanthionine-containing wools gave —SS— values, by the present methods, 
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Fig. 8.—Determination of (—SS SH) groups in fibrous keratins-method (c). 


The reaction of Merino 64’s wool with excess MeHgI (10-*m; 20ml) at pH 9-3 in 
presence of Na,SO, (0-2m), KCl (0-5), gelatin (0-01), and either urea (8M, left-hand 
curves) or formdimethylamide (25% v/v, right-hand curves). For 8m urea: 

(a) Nowooladded. ipjank=2°65 uA; (b) after reaction with wool (28 mg), ta 0-82 uA; 

(c) after reaction with excess wool (55 mg), é9;3=0-10 uA; (d) supporting medium, 

omitting MeHgI and wool, é,.,=0-10 uA. 
which were consistently 10 per cent. higher than those found by Shinohara’s 
(1935) method (Swan, unpublished data). On the other hand, with wools which 
had been extensively oxidized or reduced, small amounts of —SS— or —SH 
appeared to be regenerated during acid hydrolysis (Leach 1960). 

The splitting of all —SS— bonds, followed by the quantitative coupling of 
all the —SH groups by HgCl, has already been demonstrated for soluble proteins 
(Leach 1960). The steric difficulties attending such a reaction were pointed out. 
It seems even more remarkable that such a reaction can proceed to completion 
in an insoluble keratin fibre, where the polypeptide chains would probably have 
less configurational freedom. This provides additional evidence that in the 
reaction product the pairs of sulphur atoms which are finally coupled by mercury 
atoms are the same as those originally coupled as —SS— bonds (Leach 1960) ; 
by some mechanism not vet understood, it is likely that half the —SS— bonds 
are changed to —SHgS—, the other half to 2x —SSO;. 
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(d) The Uptake of MeHgI in the Presence of Na,SO, 

Current—voltage curves for buffered MeHgI solutions reacting with wool are 
illustrated in Figure 8 (right). Conditions were the same as those described in 
Appendix II (c) except that 25 per cent. formdimethylamide was used in place 
of 8m urea. It will be noted that curve (d) of Figure 8 for the supporting electro- 
lytes alone acquires a small extra-reduction wave when reacted wool is dissolved 
in it (Fig. 8, curve (c)). However, no correction is required since the current 
measured at —0-8 V is the same for both curves, so that 79; =7;.3 and expression 
(3) may be used to calculate the uptake of mercurial which is equal to the 
(—SS— + —SH) value. Even in the presence of 8M urea, where the amount of 
wool dissolved is very much greater and its reduction wave correspondingly 
larger (Fig. 8, left-hand curve (c)) this wave does not interfere if current measure- 
ments are made at —0°8 V. F 

Monofunctionai mercurials were found to be more effective than HgCl, 
in promoting the —SS— splitting reaction (1). Under conditions (pH 6:8, 
20 °C) where HgCl, (56 «10-4m) and Na,SO, (0-2m) took 100-120 hr to produce 
complete —SS— fission in Merino 64’s wool, neohydrin chloride (1 x10-*m) 
took 30-40 hr. With MeHgI (1x10-8m) the reaction was complete in 4 hr. 
By raising the pH to 9-3 it was possible, using MeHgI (1 x10-*m) to effect 
complete reaction in 1-2 hr. In the presence of 25 per cent. (v/v) formdimethyl- 
amide, a negligible amount of the wool passes into solution and these are the 
conditions recommended for producing keratin samples with zero —SS— bond 
content. 


In addition to the rapidity of this reaction, it has advantages for chemical 
and structural studies since the new substituents contain no charged or reactive 
groups. The reaction can be stopped at any intermediate stage by pouring off 
the solution of mercurial and a single polarographic current measurement on this 
solution determines the extent of reaction. It is also possible to use this method 
for introducing mercury into the less accessible parts of keratins without labelling 
the more accessible regions. The keratin is first reduced with thioglycollate 
and the —SH groups so produced are alkylated with, say, iodoacetate. This 
preliminary treatment does not normally effect more than, say, 60 per cent. 
reduction of —SS— bonds. Subsequent treatment with MeHgI and Na,SO, 
then proceeds to completion, labelling the remaining 40 per cent. of the —SS— 
bonds. The reverse type of treatment, in which the MeHgI-SO3; treatment 
is stopped at 50 per cent. reaction, leads to labelling of the more accessible 
regions. The effects of both the Na,SO, and thioglycollate types of reduction 
may be varied by using bifunctional “ blocking ” reagents, viz. HgCl, or dibromo- 
propane respectively. These reagents might have interesting effects on the 
mechanical and histological properties of fibres when used in the above way 
for selectively cross-linking sulphur atoms in any desired portion of the keratin 
structure. Hairs and wool fibres in which all —-SS— bonds have been destroyed 
by this method are highly swollen whilst wet and have lost most of their resistance 
to extension. On drying, they regain some of their strength and appear on 
superficial examination to look quite normal. However, the X-ray diffraction 
pattern shows that much of the original order in the structure has been lost 
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(Fraser, MacRae, and Rogers 1960). Wools treated by HgCl,-Na,SO, as pre- 
viously described do not appear to have lost so much of their strength in the wet 
state, presumably because 50 per cent. of the original cross-links have been 
replaced by —SHgS— links. For the same reason their solubility in urea (8m) 
at pH 9 is only ce. 35 per cent., whereas up to 70 per cent. of the wool treated 
with say MeHglI is soluble under these conditions. 

Human (1958) has shown that at p.l8-5 the reaction with neohydrin 
(5 x10-4m) may be speeded up by adding urea (5-6M). By increasing the urea 
concentration to 8M, the reaction at pH 9-3 is complete within 8 hr and with 
1x10-*m neohydrin it requires only 4hr. We have already seen that HgCl, 
(5 x10-‘M) requires 18-24 hr under these conditions. With MeHgI, however, 
the addition of 8m urea makes little difference to the rate of reaction, being 
complete for Merino 64’s wool in Lhr. The reactions between keratins and 
MeHglI were allowed in each case to proceed for periods up to 200 hr but as 
long as the temperature was maintained at 20+1 °C there was no increase in 
MeHglI uptake beyond the 2 hr value. At higher temperatures there was usually 
a slow additional absorption of MeHglI similar to that found for HgCl,. It is of 
course possible that for other wools, keratins, tissue, or wheat proteins, diffusion 
may present a bigger problem and the recommended method for estimating 
(—SS— + —SH) in keratins by means of MeHgI and Na,SO, therefore prescribes 
the use of 8M urea—see Appendix II (ec) where the methods of calculation are 
also described. Analytical results for Merino 64’s wool, Linco!n 36’s wool, and 
human hair are given in Table 1. Values for —SS— for hair and wool agree 
well, whether measured in 25 per cent. v/v formdimethylamide or 8M urea. 

There is a discrepancy between the total sulphur accounted for in terms of 
(—SS— + —SH) and that found by elemental analysis. The rabbit fur 
contained 0-10 per cent. sulphur as cysteic acid* and possibly small amounts 
might be present in the other keratins. Unfortunately, data for methionine-S 
and sulphate-S are not available. However it is dowbtful whether these would 
exceed 0:15 and 0-10 per cent. respectively (Cuthbertson and Phillips 1945). 
The question of whether all the sulphur can be accounted for in terms of known 
residues must therefore remain open. 

It is not surprising that monofunctional mercurials speed up the rate of the 
—SS— splitting reaction more effectively than HgCl,. There is evidence that 
under the conditions used, reaction (2) is at least partly rate-determining. Since 
it involves the pairing up of —SH groups, it probably occurs by two consecutive 
steps, whereas monofunctional mercurials such as MeHgI wouid react in a single 
step : 

RS-+MeHgI — RSHgMe-+I-. ............ (2a) 


The fact that MeHgI is more effective than say neohydrin is additional evidence 
that reaction (2) is normally slower than reaction (1). With MeHglI at pH 9-3, 
the overall reaction rate is so rapid that the rate-determining step may well 
change to reaction (1). This is suggested by the fact that 8m urea does not 
appreciably speed up the reaction. When soluble proteins such as bovine serum 


* Determined by Mr. R. Rowlands by chromatographic analysis on ion-exchange columns. 
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albumin are treated by these methods, the problem of accessibility is less 
important that —SS— bond strength and reaction (1) is probably rate-deter- 
mining (Leach 1960). However, confirmation of these ideas would require 
more precise rate measurements during the early stages of the reactions. 
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APPENDIX I 


Recommended Procedure for —SH Determinations 

Three stock solutions are stored and mixed together as required, viz. tris buffer solution 
(100 ml; 0-Ilm at pH 7 containing 0-Im KCl), gelatin (25 ml; 0-25% dissolved in hot water 
and stored at 0 °C), and MeHglI solution (500 ml; 5x 10-‘m, diluted from a 0-1 solution in pure 
formdimethylamide using aqueous 0-Im KCl). MeHglI solutions are stored in the dark. 

Fibre samples are conditioned and five 25mg samples weighed out. Two are used for 
determining the moisture content and then discarded. The other three are transferred to 10 ml 
tubes or flasks. Aliquots (5 ml) of buffered MeHgI are added by pipette into each flask and the 
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fibre samples thoroughly wet out by agitation or suction. The tubes are stoppered and left 
agitating gently at 20+1°C for at least 4hr. Periods up to 24 hr may be necessary for less 
permeable keratins and the time required for complete reaction should be determined for each new 
keratin. Reaction times up to 120 hr may be used without danger of non-specific MeHgI uptake. 


A sample of each solution is decanted into the polarographic cell and pure N, passed through 
the solution. The effluent gas is meanwhile passed through ethanol to absorb the small amounts 
of volatilized MeHgI.* After 8 to 10 min a current—voltage curve is plotted between —0-2 and 
—1-2V. Typical curves, before and after reaction with wool, are shown in Figure 2 (a) and (b). 
When chemically-modified keratins are used and washing has been inadequate, adsorbed sub- 
stances, e.g. dyes, thioglycollate, iodoacetate, ete. may be released into solution and these may 
affect the| shape of the current-voltage curves. Normally, however, a potential of —0-8 V 
chosen for measuring the diffusion current of the mercurial solution before reaction (ipjgnx), 
after reaction with wool (4) and in the absence of either MeHgI or wool (é;.,), all at the same 
temperature. ‘plank Should be redetermined every few weeks and should vary only with temper- 
ature. The uptake of MeHglI is calculated from formula (3) and this is equal to the —SH content 
of the sample. For three replicate determinations, the standard error of the mean for the method 
is +1-3 umoles —SH per g keratin. 


is 


APPENDIX II 


Recommended Procedures for (—SS— -+- —SH) Determinations 


Three methods may be used and should give closely similar results on keratin fibres of low 
SH content. For samples of higher —SH content or for certain chemically modified keratins, 
the stoichiometry of the analytical procedure is most clearly defined using MeHglI as in Appendix 
II (c). In general this is the recommended procedure since it is the most rapid and the results are 
a little easier| to calculate. However, for routine analyses on unmodified wools, method (b) 
using HgCl, is quite satisfactory. Its applicability to a new keratin or insoluble protein of 
unknown reactivity should first be checked using method (a), which is fundamentally more sound 
but unnecessarily laborious for routine work. The standard deviation of the mean for triplicate 
determinations using methods (b) and (c) is +-7-5 umoles (—SS— + —SH) per g keratin. 

A requirement common to all three methods is a stock solution S of pH 9-3 containing 
NH,Cl (0-16m),| NH,OH (0-04™), urea (8m), KCI (0-5), Na,SO, (0- 2m), and gelatin (0-005-0-01%). 
The higher concentration of gelatin is necessary for method (c). For method (a) the solution is 
stored free of mercurial, whilst for method (6), HgCl, (5x 10-‘m) is added and for method (c) 
MeHglI (10-*m),\ which is soluble at this concentration only as long as ursa (8M) is present. The 
solutions may be kept for as long as 2 months if stored in diffuse light in bottles which are more 
than half full and securely stoppered. They should be discarded when a deposit appears or when 
current values (/pjank) begin to fall. d 

Keratin samples are equilibrated, preferably at constant humidity, and in addition to the 
replicate 7-5 mg\samples weighed out into 10 ml tubes or flasks for (—SS SH) determina- 
tion, two separate ones are weighed for moisture determinations and later discarded. The amount 
of each sample may of course be scaled up as required to, say, 30 mg keratin and 20 ml solution. 
For hair and other high sulphur keratins, a convenient ratio is 5 mg per 5 ml stock solution with 
the same concentrations of HgCl, and MeHglI as given under methods (b) and (c). To avoid 
non-specific uptake of HgCl, and MeHglI the reaction temperature must not be allowed to exceed 
the limits recommended below. 

(a) Complete Titration with HgCl,.—To each of eight keratin samples (7-5 mg), 5 ml aliquots 
of stock solution|S are added by pipette and all are wet out by agitation or suction. HgCl, 
(10-2m in water) is then dispensed into each tube by burette (0, 0-15, . . ., 1-05 ml), the tubes 


* Here as elsewhere, polarographic operations should be carried out in a well-ventilated area 
to avoid inhalations of MeHgI or Hg vapour. 
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sealed with rubber stoppers and agitated gently at 20+1°C for 18-24hr.* A sample of each 
solution is then decanted into a polarographic cell and purified N, is passed over the top of the 
solution for 5 min. It is unnecessary to add chloroform to the cell to prevent dissolution of 
metallic Hg. Moreover, chloroform contains electroreducible impurities which cannot easily be 
removed. Nor is it necessary to outgas the solution itself since the Na,SO, present removes any 
O, trapped during transfer. A single current reading is taken at a potential of —1:0V. This 
reading is checked twice after the galvanometer has been re-zeroed. It is important that each 
of the eight solutions is measured at the same temperature (+1 °C). Since the eight fibre samples 
wil} vary in weight, current values must all be adjusted to a fixed arbitrary sample dry weight 
before plotting the currents against the volumes of HgCl, added to each sample. 


The result of such an experiment, using 20 points and larger samples, is shown in Figure 7. 
The sharp end-point at 0-715 ml HgCl, corresponds in this case to an uptake of 263 umoles HgCl, 
per g dry wool. Assuming that the 35 —SH groups per g combine in the ratio 1: 1 with HgCl,, 
228 umoles of HgCl, has combined with —SS— groups, so that the —-SS— content is 456 umoles 
per g wool (see Table 1). 


(b) Single Point Titration with HgCl,.—Three 7-5 mg samples and two 15-20 mg samples 
are weighed out and aliquots (5 ml) of stock solution § containing HgCl, (5x 10-‘m) are added 
by pipette. After proceeding as described under (a) and reacting for the same period,* currents 
are again measured at —1-0V. 


To calculate the uptake of HgCl,, four current values are required, viz. 


tblank for the stock solution S containing HgCl, (5x 10-‘m), 

i, for each replicate solution after reaction with keratin, 

ég91 for the solution after reaction with excess keratin (15-20 mg) has removed all HgCl,, 
and is for the stock solution S before either HgCl, or keratin is added. 


For one type of keratin, 7, only needs a routine measurement, since the other three quantities 
can be established for the entire series at the outset and are invariable provided that they are 
always determined at the same temperature and using the same glass capillary for the dropping 
mercury electrode. io) is virtually independent of the amount of wool taken (15-20 mg) pro- 
viding that it is present in sufficiently large excess to remove all the HgCl, from solution. 


The curves from which the four current values are derived are shown in Figure 6 (a) to (d), 
where the quantities of wool and HgCl, solution were four times as large as those recommended 
above. The amount of HgCl, taken up is calculated for each replicate from expression (5). For 
the example shown in Figure 6, the mean HgCl, uptake for three samples was 263 umoles per g wool, 
in excellent agreement with method (a) and providing the same value for the —SS— content, 
viz. 456 wmoles per g. 


(c) Single Point Titration with MeHgI.—The procedure is closely similar to that described 
for (b), requiring three 7-5 mg samples of keratin and 5 ml aliquots of stock solution S containing 
MeHglI (10-*m).t The reaction time recommended is 2 hr, although the minimum time for 
complete reaction should be established for each new type of keratin. It is usually unnecessary 
in this method to measure 7,9) since all current values are measured at —0-8 V, where tao] = tres: 
This is illustrated in the current—voltage curves of Figure 8 where, for clarity, the curves have been 
separated at the lower voltages. Only three current values therefore need be known and of these 
blank @Nd tpe, may be established at the outset for the stock solutions at a given temperature and 
using a given capillary. 


The uptake of MeHgl is calculated from expression (3) which, for the data of Figure 8, gives 


512 umoles per g. After subtracting 35 for --SH uptake, the —SS— content found is 477 wmoles 
per g keratin, in reasonably good agreement with methods (a) and (b)—see Table 1. 


* Dr. J. M. Swan has fownd that lanthionine-rich wools, such as are produced by heating wools 
in K,CO, (0-5m), may require as long as 72 hr before reaction is complete. Untreated fabrics 
may require 48 hr before uptake of HgCl, is complete. 

+ See footnote to Appendix I. 
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Summary 


A study was made of the products formed by treating brown coal or lignin with 


concentrated aqueous or ethanolic alkali at 200°C. With brown coals a major 
redistribution of the oxygen-containing functional groups appeared to occur, because the 
products contajned aliphatically linked carboxy] groups and aliphatic hydroxyl, as well as 
phenolic hydroxyl groups. The behaviour of lignin under the same conditions was 
less clear but sufficiently similar to that of brown coal to suggest that reactions of the 
same type were occurring in both cases. 

Reactions |involving decarboxylation, ring scission of dihydric phenol structures, 
and subsequert hydrogenation are suggested tentatively as the main steps in the 
formation of the products. 

The results provide some additional evidence for the view that there is a simple 


chemical relatipn between Victorian brown coal and lignin. 


I. INTRODUCTION 

3rooks and|Sternhell (1958) observed that the products from the treatment 
of brown coals with concentrated aqueous or ethanolic alkali at about 200 °C, 
unlike the coals; themselves, were soluble in pyridine and in ethanol and also 
passed through 4 “ plastic ” stage during pyrolysis to form agglomerated residues 
(or cokes). A marked increase occurred in the hydrogen and some decrease in 
the oxygen content of the products relative to the original brown coal, but the 
content of reactive functional groups remained virtually unaltered. However, 
subsequent data|of Brooks, Durie, and Sternhell (1958a) showed that considerable 
increases could jpccur in the carboxyl contents of the products obtained with 
aqueous alkali. 

It has now|been found that lignins form products with similar properties 
when treated with concentrated alkali in aqueous or ethanolic media. 

The results|of a more detailed chemical and spectroscopic study of the 
nature of the products from brown coals and lignins and their relation to the 
parent materials| are presented in this paper, and a mechanism is tentatively 
advanced to account qualitatively for the observed changes. A preliminary 
account of the brown-coal results was given at the recent International Symposium 
on Humic Acid jn Dublin (Lynch e al. 1960). 


* Division of Coal Research, C.S.1.R.0., P.O. Box 3, Chatswood, N.S.W.; present address : 
Department of Chenhistry, Memorial University of Newfoundland, St. John’s, Newfoundland, 
Canada. 

+ Division of Copl tesearch, C.S.1.R.0., P.O. Box 3, Chatswood, N.S.W. 
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Brooks and Sternhell (1958) have summarized the literature on the reactions 
of brown coals with alkali. Lange (1890) and Streeb (1892) obtained so-called 
‘** lignin acids ’’ by treatment of woods with 40 to 50 per cent. of aqueous alkalis 
at 185 °C, but little further work has been done on these products. Lautsch and 
Piazolo (1943) studied the reduction of lignin by ethanolic sodium hydroxide 
at temperatures above 300 °C; the liquid products were demethylated almost 
completely, and did not resemble the materials obtained in the present study. 


IT. EXPERIMENTAL 
(a) Origin of Samples of Brown Coal and Lignin 
Acid-washed samples of Morwell brown coal were prepared using the method of Brooks and 
Sternhell (1957). The lignin samples were Klason (H,SO,) lignins prepared from Pacific maples 
(lignin I) and Douglas fir (lignin II) using the method of Campbell and McDonald (1952). 


(b) Reactions with Alkali at 200°C and Treatment of Products 

Dried acid-washed samples of lignin or brown coal (20 g) were heated at 200 °C in an autoclave 
with 30% aqueous or ethanolic KOH (200 ml) for varying periods. The autoclave was allowed 
to cool, opened under nitrogen, and the contents were poured immediately into a large excess of 
3n HCl. The precipitate was collected, thoroughly washed with hot water, and dried at 100 °C 
under reduced pressure overnight. The product was extracted (Soxhlet) further with water 
until the extract was neutral and colourless, again dried at 100 °C under reduced pressure, and 
ground to minus 200 B.S. mesh. Products yields averaged 80 to 85% from brown coal and 60 
to 65% from lignin. 

(c) Estimation of Functional Groups 

(i) Lotal Acidity.—This was determined by the baryta absorption method (Brooks and 
Sternhell 1957). 

(ii) Carboxylic Acidity—Brooks and Sternhell’s (1957) technique was found to give low 
results with the products of alkali treatment, and the following modified procedure was adopted : 
The sample (0-3 g) was refluxed (4 hr) with approximately 3N sodium acetate containing some 
acetic acid, the sample was filtered off, and aliquots of the filtrate were titrated against NaOH 
(phenolphthalein). The titres were corrected for the amount of acetic acid originally present. 
The results were found to be reproducible within 3%. Infra-red spectroscopic examination of 
the samples saturated with acetate under the conditions employed showed that exchange of the 
carboxylic groups was complete. 

(iii) Hydroxyl Groups (Non-Carboxylic).—Determined by acetylation with acetic anhydride in 
pyridine, followed by hydrolysis (cf. Brooks, Durie, and Sternhell 1958a). 

(iv) Methoxyl Contents.—Determined by the Zeisel method. 

(v) Alcoholic Hydroxyl Groups.—Determined using phthalic anhydride in pyridine, as 
described by Klving and Warshowsky (1947). 

(vi) Estimation of Steam-Volatile Acids formed in the Alkali Treatment of Coals at 200 °C.— 
In these experiments the reaction products from (b) above were acidified with H,SO, instead of 
HCl, and the content of distillable acids was determined. It was found that reactions with 
methanolic alkali led to the production of formic acid, and with ethanolic alkali, acetic acid was 


obtained on acidification and distillation. Yields averaged 1 m-equiv/g of coal charged. 


(d) Chemical Modification of Coals and Products of Alkali Treatment 

Acetylations were carried out using acetic anhydride and pyridine (Brooks, Durie, and Sternhell 
1958a). 

Methylations were performed using a large excess of diazomethane in ether/methanol (10 : 1). 
Several successive treatments were employed and reactions were carried out below 5 °C to minimize 
thermal decomposition of the diazomethane and polymerization to polymethylene. 

Saponification of the ester groups in some methylated samples was effected by refluxing with 
2~ NaOH under nitrogen. 
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(e) Infra-Red Spectroscopic Measurements 
The KCl disk technique as adopted by Brooks, Durie, and Sternhell (19586) was used to 
prepare the samples. Their infra-red absorption spectra were recorded with a Perkin-Elmer 
Model 21 double-beam infra-red spectrophotometer. 


III. RESULTS AND DISCUSSION 
The elementary and functional group analyses of the starting materials and 
their reaction products after treatment with concentrated alkali at 200 °C are 
given in Table 1 for the brown coal and in Table 2 for the lignins. 


TABLE 2 
ELEMENTARY AND FUNCTIONAL-GROUP ANALYSES* OF KLASON LIGNINS AND OF THEIR PRODUCTS 
OF ALKALI TREATMENT UNDER VARYING CONDITIONS, AND OF SOME CHEMICALLY MODIFIED 
DERIVATIVES 





Lignin | Products of Alkali Lignin | Products of Alkali 


Sample 
I I Treatment II Treatment 





(a) (0) | (c) (2) (e) (f) | @) 


Conditions : | 
Solvent as < Ethanol ————+ <-— Water —-|Ethanol 
Time of heating | 3 y | 63 2 12 12 


(hr) 





Analyses : 
Carbon (%) 
Hydrogen (%) . 
Oxygen (%) .. | 28: | 29- 24- ns 
Methoxyl (%) 0 | . 5. . | Be 5:§ 15-9 14-4 | 
Total acidity .. 28 4 | 5-86 “3 “f 2-98 4°85 | 6-30 | 
Carboxylic *€ *75 | . 2: . 0-70 1-02 | 

acidity 
Phenolic acidity 
Hydroxyl by 
acetylation 
Methoxyl in 
methylated 
sample (%) 








* All results expressed on a dry ash-free basis; the units, unless otherwise stated, are 
m-equiv/g. 


(a) Reaction Products from Brown Coal 

(i) Elementary Analyses.—The elementary analyses in Table 1 generally 
confirm the observations of Brooks and Sternhell (1958) that there is an increase 
in hydrogen content and a decrease in oxygen content of the product relative to 
the original coal. Some increase in carbon content is also apparent. The 
increase in hydrogen content is seen to depend on reaction time, and is greater 
in reaction products obtained in ethanolic than in aqueous alkali. 

(ii) Functional Groups.—The carboxyl group content was always higher 
and the phenolic hydroxyl group content always lower in the product of the 
reaction than in the original brown coal, with either an aqueous or an ethanolic 
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reaction medium. When the treated coals are arranged in order of decreasing 
phenolic hydroxyl content (see Table 4) the total acidity (phenolic plus carboxylic) 
passes through a maximum relative to the starting material and then decreases. 
Other points of detail are réferred to in Section III (ce). 

(iii) Infra-Red Spectra.—(1) The spectra of products formed from brown 
coal in aqueous and in ethandlic alkali (Fig. 1) showed a considerable increase in 
intensity of absorption for those features characteristic of aliphatic hydrogen- 
containing groups, namely at 2920, 2850, and 1460 cm~". This suggests that the 
marked increase in hydrogen | icontent in the products was probably due to the 
formation of new aliphatic groups. The appearance of a weak band at 1380 em-! 


in the spectra of the produc ts\indic ates the formation of some C —CH, groups. 
| 
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Fig. 1—The infra-red spectra of | Morwell brown coal (acid-washed) ; (b) sample (a) 
after treatment with ethanolic alkali at 200°C; (c) sample (a) after treatment with 
aqueous alkali at 200 °C. 

| 

(2) The carbonyl band at 11720cm-! in the spectra of the products is 
somewhat stronger than the posta seston band for brown coal, but, as with the 
latter, this band disappeared on treatment of the products with sodium acetate, 
being replaced by two bands near 1600 and 1400 cm-! characteristic of the 
carboxylate ion. This establishes | that, as with brown coals (Brooks, Durie, 
and Sternhell 1958), carboxylic adid groups contain the only type of carbonyl 
group present in significant amount in the products. It is further evident that 
the environment of the carboxyl group has changed from predominantly aromatie 
in brown coal to predominantly aliphatic in the products of alkali treatment. 
Thus exhaustive methylation of the products obtained by the treatment of 
Morwell coal with either aqueous or| ethanolic alkali at 200 °C causes a shift in 
the frequency of the carbonyl group from 1700 to 1735 cm-! (Fig. 2) which 
is typical of the shift undergone by, the carbonyl group in aliphatic acids on 
esterification (Bellamy 1958) ; wheregs methylation of the parent coal alters the 


\ 

| 
| 
| 
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carbonyl frequency from 1700 to 1720 em-1, which is typical of aromatic carb- 
oxylic acids (Bellamy 1958 ; Brooks, Durie, and Sternhell 1958) ; Brooks et al. 
1960). The intrinsic intensity (as baseline optical density per m-equiv/g) of the 
carbonyl bands in the spectra of the products of alkali treatment is significantly 
greater than that of the carbonyl bands* in the spectra of the parent coals 
(Table 3). This observation provides further evidence for the aliphatic nature 
of the carboxyl groups, because studies with representative aliphatic and aromatic 
carboxylic acids, using the KCl disk technique, show that the intrinsic intensity 
of the carbonyl band is greater for aliphatic than for aromatic carboxylic acids 
(ef. Table 3). 


TABLE 3 
INFRA-RED INTENSITIES OF THE CARBOXYL CARBONYL (STRETCHING VIBRATION) ABSORPTION IN 
BROWN COAL, ITS PRODUCTS OF ALKALI TREATMENT AT 200 °C, AND SOME MODEL AROMATIC AND 
ALIPHATIC CARBOXYLIC ACIDS 




















| 
Carboxylic Carbonyl | Carbonyi 
Sample Acidity Frequency | Optical Kt 
(m-equiv/g) (em=-) | Density* 
(a) Morwell brown coal .. a 1-2 1700 0-095 0-079 
(6) Product from aqueous alkali 
treatment (at 200 °C) of (a) .. 2-31 1700 0-262 0-113 
(c) Product from ethanolic alkali 
treatment (at 200 °C) of (a) .. 2-63 1700 0-291 0-111 
(d) Benzoic acid .. os se 8-2 1690 | 0-509, 0-547 0-065 
(e) Phthalic acid .. re a 12-05 1695 0-778, 0-754 0-063 
(f) Phenylbutyric acid .. .. | 6-1 1695 0-970, 1-002 0-161 
(g) Phenylpropionic acid (hydro- | 
cinnamic acid) : me 6:7 c. 1705 1-107, 1-152 0-168 
(h) Pheaylacetic acid | 7-35 1705 0-792, 0-808 0-109 
(j) Oxalic acid .. - ol 7:9 1690 0-394 0-161 
| (broad) | | 
| | 
| 





* Optical density on a 1 per cent., 100mg KCl disk basis. 
+ K=carbonyl optical density/carboxylic acidity. 


(3) The spectra of the acetylated products of alkali treatment (Fig. 3) show 
that alcoholic groups were formed during the reaction and that these are more 
prevalent in the products from ethanolic than from aqueous alkali. Confirmatory 
evidence is also provided for the presence of phenolic hydroxyl groups in all 
products. Thus a phenolic acetate carbonyl peak at 1765 cm- appears in the 
spectra of all acetylated products as well as in the spectrum of brown coal, and 
alcoholic acetate carbonyl absorption appears as a peak at 1730 cm-! in the 
spectra of all products from ethanolic alkali and as a weak shoulder near 1735 em-! 
in the spectra of all products from aqueous alkali; there is no peak at this 
frequency in the spectra of acetylated brown coals (cf. Durie, Lynch, and Sternhell 
1960). 


* The carbonyl bands in the spectra of brown coals and their products of oxidation by oxygen 
in alkali all have essentially the same intrinsic intensity (Durie and Sternhell 1958, and unpublished 
data). 
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| 

These observations are supported by the fact that the acetylatable but non- 
phenolic hydroxyl group content (cf. Table 1) is higher for the products from 
ethanolic alkali than for those from aqueous alkali. The value of 2-25 m-equiv/g, 
for sample (e), also compares reasonably with the 2-9 m-equiv/g estimated for 
the alcoholic hydroxyl content of the same sample using the procedure of Elving 
and Warshowsky (1947). \ 
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Fig. 2 
Abvee: The infra-red spectra (1800-1500 cm~ region) of\(a) Morwell brown coal after 
treatment with aqueous alkali at 200°C; (b) sample (a) \after methylation. 


Below: The infra-red spectra (1800-1500 em-! region) of \(2) Morwell brown coal after 
treatment with ethanolic alkali at 200°C; (b) sample (a) after methylation. 


(b) Reaction Products from Lignin 
With lignin, as with brown coal, treatment with ethanolic or aqueous alkali 
at 200 °C leads to the formation of carboxyl groups (Fig. 4). The shift of the 
carbonyl frequency from near 1700 cm- in the spectra of the products to 
1735 em-! on methylation, indicates that these carboxyl groups are also ali- 
phatically linked (Fig. 5). However, with lignin the reaction in either reaction 
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medium leads also to an increase in the phenolic hydroxyl content. As a conse- 
quence the total acidity also increases. Some demethylation accompanies the 
reactions in either medium, but is more pronounced in ethanolic alkali, and the 
extent of the demethylation appears to increase with the reaction time. The 
presence of alcoholic groups in the lignin (cf. Durie, Lynch, and Sternhell 1960) 
renders equivocal any suggestion that such groups are formed in the reaction, 
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Fig. 3.—The infra-red spectra (1900-1500 cm-! region) of (a) 

Morwell brown coal after acetylation ; (b) product from aqueous 

alkali treatment at 200°C of Morwell brown coal, after acetyla- 

tion; (c) as for (b) except ethanolic alkali used; (d) Klason 
lignin, acetylated. 


as noted with brown coal. The data in Table 2 suggest that the content of 
acetylatable but non-phenolic groups (alcoholic ?) actually decreased during the 
reactions. 

No significant trends are revealed in the elementary analyses, and the 
interpretation is made difficult by the complications introduced by demethylation. 

Thus the reaction of lignin with alkali at 200 °C resembles that of brown coal 
with respect to the appearance of aliphatic carboxyl groups but appears to differ 
with respect to the changes in phenolic hydroxyl content. However, the increase 
in the latter is probably due to their formation through demethylation of the 
lignin. 
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(c) Mechanism of the Reactions 

An attempt is made to propose a reaction mechanism to account for the 
results discussed above. Attention will be focused initially on the changes 
resulting from the reaction of brown coal with concentrated alkali at 200 °C. 
The behaviour of lignin under the same conditions will then be considered in the 
light of the mechanism advanced for brown coal. 

A satisfactory mechanism for the reaction of brown coal must be able to 
account for: (i) a decrease in oxygen content; (ii) an increase in hydrogen 
content, probably as new aliphatic groups; (iii) the formation of aliphatic 
carboxyl groups and of alcoholic hydroxyl groups ; (iv) a decrease in the content 
of phenolic hydroxy! groups; and (v) the observed variations in the foregoing 
as between aqueous and ethanolic reaction media. 

A plausible argument can be advanced (see below) for the presence of catechol 
(1,2-dihydric phenol) type structures in Victorian brown coal. The following 
scheme, based on the oxidative-hydrolytic splitting of such structures in con- 
centrated alkali at 200 °C, seems to best explain, at least qualitatively, most of 
the observed features of the reactions : 


OH O “ CH 
oS ( == H OH? “COOH 


OR OR/ 200°C eye IR 


(1) (II) (Il 
IN WATER 

INTRAMOLECULAR 
OXIDATIONt 






IN ETHANOL 
OaR + 2H p ekee (IE) 
SOONz —a 
cH ONa . 
(Vy) HYDROGENATION 
REDUCTION 
(AND ACIDIFICATION 


" ' | 
O38 CO eae: 
COOH “HOR | 

cH ZCH OR | 


CH; 








(VI dv 


* Hydrogen ex ethanol via reaction (2) seu p. 576. 
+ Compare reaction (2) see p. 576. 
where A=brown-coal or lignin residue ; 
R=H for brown coal ; 
R=CH, for lignin (and/or H if reaction is preceded by demethylation). 
The postulated reaction I-III is formally analogous to the internal 
Cannizzaro conversion of glyoxal into glycollic acid or of phenyl glyoxal into 
mandelic acid, er to a benzil—benzilic acid rearrangement. Furthermore, it 
resembles the conversion of salicylic acid into pimelic acid by ethanolic alkali 
(Einhorn and Lumsden 1895). The tautomeric form II also satisfies the structural 
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requisites for hydrolytic carbon-carbon bond splitting (cf. Shemyakin and 
Shehukina 1956). 

Structure III can be regarded as the intermediate involved in the formation 
of the reaction products with both ethanolic and aqueous alkali. The reduction 
step III—IV (also V-—VI) is required to account for the absence of olefinic 
structures in the products, and for differences observed between the products of 
reactions with aqueous and alcoholic alkali. The reducing hydrogen is probably 
generated by the reaction which alkali hydroxides undergo with primary alcohols 
at elevated temperatures (Reid, Worthington, and Larchar 1939), namely 


RCH,OH +NaOH-R-COONa+2H,. .......... (2) 


The occurrence of this reaction under the present conditions (i.e. in concentrated 
alkali at 200 °C) was confirmed by the identification of acetic acid when the 
solvent was ethanol and of formic acid when using methanol as solvent. 
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Fig. 4.—The infra-red spectra of (a) Klason lignin; (b) sample (a) after treatment with 
aqueous alkali at 200°C; (c) sample (a) after treatment with ethanolic alkali at 200 °C. 


In ethanolic alkali, reaction (2) is largely confined to the primary alcoholic 
groups in the solvent; while in aqueous alkali it is suggested that a similar 
reaction oceurs with direct alkali attack on the primary alcoholic groups in III 
to form V and eventually VI. This sequence of reactions can account for the 
higher carboxyl group content of the products from reaction of brown coal in 
aqueous alkali relative to those from reaction in ethanolic alkali, and for the virtual 
absence of alcoholic groups in the former products. 

The reaction schemes I-IV and I-VI represent an overall increase, per 
1,2-dihydric phenol unit reacted, of six hydrogen atoms and one oxygen atom for 
the former scheme and of four hydrogen and two oxygen atoms for the latter. 

To account, in part at least, for the observed decrease in oxygen content 
it is postulated that decarboxylation of the carboxylic acid groups present in 
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the original coal occurs simultaneously. Some confirmation of this assumption 
is afforded by the liberation of carbon dioxide which occurs on acidification of 
the reaction mixture. Manipulative difficulties precluded accurate determination, 
but approximately 1 m-equiv. of carbon dioxide was evolved per gram of coal 
charged. This is of the same magnitude as the original carboxyl content of the 
coal. Brown coals contain both phenolic hydroxyl and carboxylic acid groups, 
and it is well known (Hickinbottom 1957 ; Schenkel and Schenkel 1948 ; Brown, 
Hammick, and Scholefield 1950) that alkaline solutions of aromatic hydroxy- 
carboxylic acids lose carbon dioxide quite readily on heating. 
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Fig. 5.—The infra-red spectra (1900-1500 em-*) of (a) Klason 
lignin after treatment with ethanolic alkali at 200°C; 
(6b) sample (a) after methylation. 


The difference between the maximum and the minimum carboxyl content 
of the products of the reaction was 1-0 m-equiv/g in aqueous alkali ((¢)—(h) in 
Table 1) and 1-0 m-equiv/g in ethanolic alkali ((k)-(p) in Table 1). These 
differences are of about the same magnitude as the original carboxyl content of 
the coal, the implication being that only decarboxylation of these groups occurs. 

Although the scheme here tentatively advanced can explain, in qualitative 
terms, the increase in hydrogen content as aliphatic groups, the formation of 
aliphatic carboxyl groups and of alcoholic groups, the decrease in phenolic 
hydroxyl group content, and the observed differences between the products from 
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aqueous and ethanolic media, certain shortcomings are apparent when an 
attempt is made to account quantitatively for the observed changes. Thus, 
on the basis of the proposed scheme the increase in carboxyl content should never 
exceed the decrease in phenolic hydroxyl content, and as a corollary, the total 
acidity should either remain the same as for the original brown coal (aqueous 
alkali) or else decrease (in ethanolic alkali ; also in aqueous alkali if decarboxyla- 
tion is occurring). However, as already noted, a considerable increase in the 
total acidity occurred (i.e. the ‘ucrease in carboxyl acidity exceeded the decrease 
in phenolic acidity) in some of the early products. This effect was particularly 
pronounced in the products formed in aqueous alkali (cf. Table 1). It is therefore 
apparent that the overall reaction is even more complex than scheme (1) would 
indicate. 

Oxidation due to the presence of some dissolved oxygen in the solvents 
may have been partially responsible for the increase in the total acidity (cf. 
Durie and Sternhell 1958). 

As already noted, the infra-red spectra of the products from the alkali 
treatment of brown coal indicate that some C-methyl groups are formed. This 
can be explained if it is assumed that decarboxylation is not entirely confined to 
aromatically bound carboxyl but also occurs to some extent with aliphatic 
carboxyl groups : 

. NaOH 
—CH,-:CH,:-COOH ——> —CH,-CH,+CQ,. 


With reference to the behaviour of lignin in ethanolic and aqueous alkali at 
200 °C, a similar reaction scheme to that already discussed could account for the 
formation of aliphatically bound carboxyl groups. However, the parallel 
increase in phenolic hydroxyl groups and decrease in methoxyl content suggest 
that the above reactions are accompanied by a demethylation of phenolic-methyl 
ether groups. This demethylation need not necessarily precede the reactions 
according to scheme (1), since the o-methoxyphenol-type structures present in 
lignin (see below) would be expected to behave in a similar manner to o-dihydric 
phenol structures. 

The dealkylation of phenolic ethers, particularly in ethanolic alkali, is not 
without precedent. Thus anisole is split in reasonable yield to phenol (Hickin- 
bottom 1957); and methoxydiphenyl ether carboxylic acids (Ungnade and 
Rubin 1951) and some methoxystilbenes (Richtzeihain 1949) have been shown to 
undergo demethylation when heated with alcoholic potash at 200 °C. 

The behaviour of lignin is further complicated by the presence of alcoholic 
hydroxyl groups in the lignin structure (cf. Durie, Lynch, and Sternhell 1960). 
Comparison of the “ total acidity ” and “ hydroxyl” by acetylation values in 
Table 2 suggests that a decrease occurs in the alcoholic hydroxyl group content 
as the reaction with alkali (at 200 °C) proceeds. Thus the appearance of aliphatic 
carboxyl groups in the reaction product from lignin may be due, in part at least, 
to a reaction of type (2) involving the alcohol groups in lignin. 


(d) Evidence for o-Dihydric Phenol-type Groups in Victorian Brown Coal 
(i) Feifer, Smith, and Willeford (1959) have shown that vicinal dihydric 
phenols react very rapidly with periodic acid, while other phenols react much 
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more slowly and less extensively. Ring-fission occurs to give acidic products 
(Adler and Hernestam 1955) ; for example, catechol reacts with periodic acid to 
yield cis,cis-muconic acid : 


“aii ic HIO, 
—_————————}> 
~ OH 


Zw 
il ‘“COGH 


we COOH 
YY 


s 


Treatment of an aqueous suspension of brown coal with periodic acid led to 
the formation of carboxylic groups with little change in total acidic-groups 
content, but there was no change in the product from alkali treatment when it 
was reacted with periodic acid (Table 4). The infra-red spectra of the products 
from the periodic acid treatment confirmed that only brown coal was changed 
(increased carboxyl C=O absorption near 1700 cm-! and decreased hydroxyl 
absorption at 3380 cm-! were evident). 


TABLE 4 


EF¥YECT OF PERIODIC ACID ON BROWN COAL AND ON PROMUCT FROM ALKALI TREATMENT 
OF BROWN COAL AT 200 °C 











: Carboxylic Acidity Total Acidity 
Sample it a i . : 
(m-equiv/g) | (m-equiv/g) 
(a) Brown coal .. an i me 1-8 7°7 
(6) Product from action of HIO, on (a) | 4-5 7-8 
(c) Alkali-treated (at 200°C in EtOH) | 
brown coal ‘ - - 2-7 5-6 
(d) Product from action of HIO, on (c) 2-7 5-6 








These results indicate the presence of catechol-type rings in Victorian 
brown coal and the absence of these rings in the products from alkali treatment 
(at 200 °C) of the brown coal. This provides further support for the postulated 
cause and effect of the reaction with alkali as outlined in scheme (1). 

(ii) Since the original brown coal can be described as an oxidized, 
demethylated, dehydrated lignin (Brooks and Sternhell 1957; Durie, Lynch, 
and Sternhell 1960), and it appears certain that lignins are polymers in which 
the fundamental building block is coniferyl alcohol (VII) (Erdtman 1950 ; Smith 


wo—<_)-cecncron pentiabh bn bed (5) 


/ 
CHO 


(VII) 


1957 ; Freudenb rg 1959), it follows that brown coals may have structures based 
on a phenylpropane building block. The polymolecule of lignin is thought to be 


formed via a phenoxide radical derived from VII and possessing several potential 
reactive positions. 








580 B. M. LYNCH AND R. A. DURIE 


Dehydration and demethylation of a lignin-type polymolecule can give 
rise to many new reactive sites. Demethylation will release a phenolic group 
and formation of another mesomeric phenoxide radical will result in new reactive 
positions in addition to those possible in a radical derived from VII; and 
dehydration will form double bonds as an additional polymerization centre. 
Thus it is reasonable to postulate that brown coal was derived from lignin via 
polymerization and condensation reactions (cf. Read and Purves 1952) involving 
such reaction centres, and consequently it seems likely that there is a close 
similarity between the functional groups present in demethylated oxidized lignin 
and in brown coals. If so, this indicates that quinone and other non-carboxylic 
carbonyl oxygen are not important structures in brown coals, where the only 
oxygen-containing groups identified unequivocally are carboxylic acids, phenolic 
hydroxyl, and small amounts of methoxyl groups (Brooks and Sternhell 1957 ; 
Brooks, Durie, and Sternhell 1958a, 1958b). From analogy with lignin, it is 
considered probable that the phenolic hydroxy! groups in brown coal are of the 
catechol type, that is, they are 1,2-dihydric phenols (cf. the behaviour of brown 
coal on oxidation in alkali, which is reminiscent of that of catechol (Brooks and 
Sternhell 1957; Durie and Sternhell 1958)). 


IV. CoNCcLUDING REMARKS 
The present investigation has shown that the changes which brown coal and 
lignin undergo on treatment with concentrated ethanolic and aqueous alkali at 
200 °C are very complex. Similar reactions appear to occur for both brown coal 
and lignin, although with lignin the overall picture is less clear owing to the 
initial presence of methoxyl and alcoholic hydroxyl groups. 


The reaction scheme which kas been postulated accounts qualitatively, 
but not quantitatively, for most of the observed changes during the reaction. 
It provides a useful starting point for further detailed investigations. 
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SHORT COMMUNICATIONS 
BORATE BUFFERS IN HYDROGEN PEROXIDE REACTIONS* 
By I. R. Witsony 


During a recent investigation of a peroxide oxidation reaction (Wilson and 
Harris 1960), interference from borate buifers was noted. These observations 
provide evidence for the relative electrophilicity of hydrogen peroxide and 
perborate species. An interpretation of the structure of the latter is proposed. 
The properties of aqueous solutions containing hydrogen peroxide and boric 
acid or borates have been investigated by distribution, cryoscopy, and con- 
ductance (Menzel 1923, 1927), pH (Edwards 1953), and polarographic behaviour 
(Kern 1955). The authors conclude that borates, but probably not boric acid, 
combine with hydrogen peroxide or its anion, forming peroxy compounds. 
Results over a range of hydrogen peroxide concentrations appear to require the 
existence of more than one such compound. The probable structure of these 
species has been stated only in very broad terms. Thus Kern speaks of “ the 
formula H,O,.B(OH), for the perborate species ”’, and Kemp (1956) uses either 
this formula or such non-committal expressions as NaBO,.4H,O (for the solid). 

Peroxides and hydroperoxides of a number of elements, including boron, 
have been synthesized by Davies and co-workers (Buncel and Davies 1958 ; 
Davies and Moodie 1958 ; Abraham and Davies 1959; Davies and Hall 1959 ; 
Davies and Hare 1959; Davies and Packer 1959) using reactions of nucleophilic 
substitution in compounds such as BCl,. It is now suggested that the species 
formed from borates or boric acid arise from nucleophilic substitution by hydrogen 
peroxide (or its anion) and that their structures are, in consequence, analogous to 
such anions as B(OH); and BCly. Then the equation for the formation of the 
simplest member should be written as (1) rather than as (2). 

The borate ion 

B(OH), +H,O,+H,O = HOOB(OH); +H,0O+,  .... (1) 
B(OH), +H,0, = H,O,.B(OH),, ........... (2) 


will be much less susceptible to nucleophilic attack than boric acid, since it lacks 
a vacant orbital. Equation (1) shows that in solutions of boric acid alone, 
formation of HOOB(OH); from H,O, is accompanied by a mole of strong acid. 
The pH measurements by Edwards show this effect quite well. Measurements 
of conductance also reveal it (Menzel 1927, unpublished data). In less strongly 
acid solutions, reaction (1) would be expected to occur through the HOg ion. 
This should be a much stronger nucleophile than H,O, here, as it is found to be 
in nucleophilic attack of peroxide on benzonitrile (Wiberg 1953). 


* Manuscript received May 10, 1960. 
t+ Department of Chemistry, University of Queensland, Brisbane. 
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The variation with pH of the extent of formation of perborate is adequately 
explained by the present hypothesis. The small decrease in conductivity found 
for borate solutions with increasing hydrogen peroxide concentration is also 
reasonable if an anion such as HOOB(OH); is replacing B(OH);. Edwards and 
Menzel have both reported evidence for the binding of more than one peroxide 
group per boron atom. Presumably this involves displacement of an hydroxyl 
ion as in (3): 

HOOB(OH)3 +HOzg = (HOO),B(OH)s +OH-. ...... (3) 


Kern has drawn attention to the fact that fairly satisfactory equilibrium constants 
have been found in the various investigations within restricted ranges of con- 
centration (e.g. 33 calculated for the present eqn. (2)) at moderately low con- 
centrations of hydrogen peroxide. His conclusion may be applied to (1), leading 
to a value of approximately 1-9 x 108 for the equilibrium constant* at 18 or 25 °C. 

The formation of peroxyborates has important kinetic consequences which 
have not always been recognized. Some reactions in which hydrogen peroxide 
functions as an electrophile may be very substantially accelerated in the presence 
of a borate buffer. For example, the following values have been obtaine: for 
the overall rate constant for oxidation of thiocyanate ion by hydrogen peroxide 
at varying concentrations of borax buffer. 


Borax Observed 
Concentration Rate Constant ky 
(aM) (1. mole min-?) (l. mole min-?) 
0-01 0-117, 0:05 0-22; Q:25 
0-02 0-178 0-29 
0-05 0-254, 0-255 0-32 


Values of the rate constant for reaction between thiocyanate ion and perborate, 
calculated with the equilibrium constant given above and assuming the rate 
expression (4) are also given: 


—d(H,O,)/dt=k,(H,O,)(SCN) +k,(Perborate)(SCN). ...... (4) 


The value of k, is 0-031 1. mole-' min-! (Wilson and Harris 1960). The values 
of k, show a def aite trend, which may be elucidated in further investigations. 
They sufiice to demonstrate that the specific reaction rate of perborate ion is 
7-10 times that of hydrogen peroxide. It is apparent that measurements at a 
single concentration of borax would be very misleading indeed. Extrapolation 
to low buffer concentration is not easy. 

Where hydrogen peroxide functions as a nucleophile, interference is also 
possible, but now perborate appears to be less reactive than HOg. Kern (1955) 
observed polarographic behaviour in which perborate did not contribute. Wiberg 
(1953) reports no acceleration of rate with benzonitrile when borate buffers were 
used. Kern also noted that the rate of decomposition of hydrogen peroxide in 
borate buffers decreased with increasing borate concentration. Preliminary 


* Using a value of 5-79 10-" for the dissociation constant of boric acid (Kemp 1956, 
p. 14). 
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experiments using iodometric titration confirm this, although some workers 
appear not to have observed the phenomenon (Erdey 1953). Use of borate 
buffers in reactions which involve hydrogen peroxide should only be made with 
care. 
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FRACTIONATION OF COMPLEX MIXTURES OF 2,4—-DINITRO- 
PHENYLHYDRAZONES* 


By D. A. Forss,t E. A. DUNSTONE,{ and W. STarKt 


The advantages of partition over adsorption chromatographic columns 
for the initial fractionation of mixtures of 2,4-dinitrophenylhydrazones have 
been increasingly appreciated during the last few years. The literature however 
reveals little awareness that while partition systems will separate the members 
of an homologous series, they will not effectively separate dinitropheny}- 
hydrazones of different classes of carbonyl compounds of similar chain-length. 
The compositions of the fractions obtained from such mixtures will depend on 
the partition system used (e.g. Kramer and van Duin 1954; Monty 1958) but 
it would be possible to have included in the one fraction the dinitrophenyl- 
hydrazones of, for instance, a C, alkan-2-one, a C,,, n-alkanal, a O,,, alk-2-enal, 
and a C,,, alka-2,4-dienal. 

There are few references to systems suitable for further separating such a 
mixture, though zine varbonate columns and/or chromatoplates (van Duin 1958 ; 
Badings 1959), and the reverse phase chromatographic system of Ellis, Gaddis, 
and Currie (1958) have been used with success. In the latter technique, sheets 
of paper are impregnated with vaseline, spotted with the 2,4-dinitropheny]- 


* Manuscript received May 2, 1960. 
+ Dairy Research Section, C.S.I.R.O., Melbourne. 
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hydrazones and developed with a mixture of methanol and water. When \only 
small quantities (1-20 yg) of compounds are available or when limited information 
on a fraction rather than characterization of its constituents is required, sleet- 
paper chromatograms are suitable. However, chromatographic columns| are 
more convenient for the separation of larger amounts (0-02-10 mg) of compounds 
and are thus well suited to the characterization of the separated compounds. 
This paper describes the use of alumina adsorption columns for the separation 
of mixtures of 2,4-dinitrophenylhydrazones of alkan-2-ones, n-alkanals, alk-2- 
enals, and alka-2,4-dienals. As early as 1935, Strain suggested the use of alumina 
columns for the separation of 2,4-dinitrophenylhydrazones. While they have 


TABLE 1 


BINARY MIXTURES OF 2,4 - DINITROPHENYLHYDRAZONES 
SEPARATED ON ALUMINA CHROMATOGRAPHIC COLUMNS 





Carbonyl Compounds 


First Compound 
Eluted 


Second Compound 


Mixture Eluted 


1? | Propionaldehyde Hexa-2,4-dienal 

2* n-Butanal Pent-2-enal 

3 n-Butanal Hepta-2,4-dienal 

4 n-Pentanal Hex-2-enal 

5*+ n-Hexanal Hept-2-enal 

6* n-Octanal Hendeca-2,4-dienal 
i Butanone Hepta-2,4-dienal 

8 Pentan-2-one Hept-2-enal 

g* Heptan-2-one n-Heptanal 

10 Heptan-2-one Non-2-enal 

1] Ne. an-2-one n-Nonanal 

12* Pent-2-enal Hepta-2,4-dienal 
13* Hept-2-enal Nona-2,4-dienal 

14 Oct-2-enal Deca-2,4-dienal 

15 Non-2-enal Hendeca-2,4-dienal 





* Mixture also separated by paper chromatographic 
method of Ellis, Gaddis, and Currie (1958). 
+ Mixture only partially separated by both techniques. 


been little used for the separation of complex mixtures, the authors have found 
them most effective when used for secondary separations as described in this 
paper. In our work, mixtures of 2,4-dinitrophenylhydrazones, prepared from 
synthetic compounds or obi:ined from oxidized dairy products and given a 
primary separation on Ceiite <tromethane partition columns, were added to 
alumina columns packed in ligs petroleum. The 2,4-dinitrophenylhydrazones 
were developed with light petroleum containing increasing amounis of diethyl 
ether (0-5-10°%) and the eluted compounds were characterized by their movement 
on paper chromatograms, light absorption maxima in both ethanol and ethano!— 
sodium hydroxide, and by melting and mixed melting points (Forss, Dunstone, 
and Stark 1960). Table 1 lists fifteen binary and Table 2 two quaternary mixtures 
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separated on alumina columns. Eight of the binary mixtures (marked with an 
asterisk in Table 1) were also separated by the method of Ellis, Gaddis, and Currie 
(1958) with both ascending and descending development. 

Two chromatographic systems can be successfully combined for the puri- 
fication of unknown mixtures of 2,4-dinitrophenylhydrazones. ‘The first should 
be a partition system which will separate within an homologous series of 
compounds while the second which may be a partition or an adsorption system 
should be used to resolve the constituents of the fractions obtained from the first 
system. Under most conditions alumina columns appear to provide the most 
convenient means of further separating, for characterization purposes, fractions 
obtained from partition columns. 


» 


TABLE 2 
QUATERNARY MIXTURES OF 2,4-DINITROPHENYLHYDRAZONES SEPARATED ON ALUMINA COLUMNS 


Carbonyl Compounds 


Mixture First Compound |Second Compound| Third Compound Fourth Compound 
Eluted Eluted Eluted Eluted 
L Butanone n-Pentanal Hex-2-enal Octa-2,4-dienal 
2 Heptan-2-one n-Octanal Non-2-enal Hendeca-2,4-dienal 


Experimental 

Alumina, chromatographic grade (** British Drug Houses ’’) was digested with 2% HNO, 
at 60°C for 1 hr, collected on a Buchner funnel, and washed thoroughly with distilled water. 
It was dried at 350 °C for 8 hr, by which time it had an activity of 2 according to the method of 
Brockmann and Schodder (1941). 

The required amount of alumina was added te the chromatographic column containing light 
petroleum (b.p. 40-60 °C, free of aromatic hydrocarbons) and was preferably allowed to degas 

reight. The alumina was then compacted by tapping the column with a wooden rod. 

The mixture of 2,4-dinitrophenythydrazones was dissolved in a small volume of light petroleum 
and added to the chromatographic column where it formed a band about 1mm high. A column 


15x lem wonld be suitable for the separation of a 2 mg mixture of two 2,4-dinitrophenyl- 


hydrazones, After was!’ng the mixture with about im) light petroleum, 100 ml of 0-5% 
dieihyl ether in light petroleum was added. If there wes 4 ovement, a further 100 mi 1% ether 
was added © se on until the 2,4-dinitrophenylhy4:ezoi moved at a rate of 2—3 em/hr. 


Separation wes usually achieved in a few hours. 
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